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Abstract 

The complementary techniques of low-energy, variable-angle 

electron-impact spectroscopy and ultraviolet variable-angle photoelec

tron spectroscopy have been used to study the electronic spectroscopy 

and structure of several series of molecules. Electron-impact studies 

were performed at incident beam energies between 25 eV and 100 eV and 

at scattering angles ranging from oa to goa . The energy-loss regions from 

0 eV to greater than 15 eV were studied. Photoelectron spectroscopic 

studies were conducted using a He! radiation source and spectra were 

measured at scattering angles from 45a to goo. The molecules studied 

were chosen because of their spectroscopic, chemical, and structural 

interest. The operation of a new electron-impact spectrometer with 

multiple-mode target source capability is described. This spectrometer 

has been used to investigate the spin-forbidden transitions in a number 

of molecular systems. 

The electron-impact spectroscopy of the six chloro-substituted 

ethylenes has been studied over the energy-loss region from 0-15 eV. 

Spin-forbidden excitations corresponding to the 1T ... 1r•, N ... T transition 

have been observed at excitation energies ranging from 4.13 eV in vinyl 

chloride to 3.54 eV in tetrachloroethylene. Symmetry-forbidden transi

tions of the type 1T -. np have been oberved in trans-dichloroethyene and 

tetrachlor oethylene . In addition, transitions to many states lying above 

the first ionization potential were observed for the first time. Many of 

these bands have been assigned to Rydberg series converging to higher 

ionization potentials. The trends observed in the measured transition 

energies for the 1T -. 1r•, N ... T, and N-. Vas well as the 1T -. 3s excitation 

are discussed and compared to those observed in the methyl- and fluoro-
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substituted ethylenes. 

The electron energy-loss spectra of the group Vlb transition metal 

hexacarbonyls have been studied in the 0 eV to 15 eV region. The 

differential cross sections were obtained for several features in the 3-7 eV 

energy-loss region. The symmetry-forbidden nature of the 1A18 -+ 1A18, 

2t21(TT) -+ 3t21(TT•) transition in these compounds was confirmed by the 

high-energy, low-angle behavior of their relative intensities. Several low

lying transitions have been assigned to ligand field transitions on the 

basis of the energy and angular behavior of the differential cross sections 

for these transitions . No transitions which could clearly be assigned to 

singlet -+ triplet excitations involving metal orbitals were located. A 

number of states lying above the first ionization potential have been 

observed for the first time. A nwnber of features in the 6-14 eV energy

loss region of the spectra of these compounds correspond quite well to 

those observed in free CO. 

A nwnber of exploratory studies have been performed. The TT -+ TT•, 

N -+ T, singlet -+ triplet excitation has been located in vinyl bromide at 

4.05 eV. We have also observed this transition at approximately 3.8 eV in 

a cis-/trans- mixture of the 1,2-dibromoethylenes. The low-angle spec

trwn of iron pentacarbonyl was measured over the energy-loss region 

extending from 2-12 eV. A nwnber of transitions of 8 eV or greater exci

tation energy were observed for the first time. Cyclopropane was also 

studied at both high and low angles but no clear evidence for any spin

forbidden transitions was found . The electron-impact spectrum of the 

methyl radical resulting from the pyrolysis of tetramethyl tin was 

obtained at 100 eV incident energy and at oo scattering angle. Transitions 

observed at 5.70 eV and 8 .30 eV agree well with the previous optical 
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results. In addition, a number of bands were observed in the 8-14 eV 

region which are most likely due to Rydberg transitions converging to the 

higher ionization potentials of this molecule. This is the first reported 

electron-impact spectrum of a polyatomic free radical. 

Variable-angle photoelectron spectroscopic studies were performed 

on a series of three-membered-ring heterocyclic compounds. These com

pounds are of great interest due to their highly unusual structure. Pho

toelectron angular distributions using Hel radiation have been measured 

for the first time for ethylene oxide and ethyleneimine. The measured 

anisotropy parameters, {3, along with those measured for cyclopropane 

were used to confirm the orbital correlations and photoelectron band 

assigrunents. No high values of {3 similar to those expected for alkene TT 

orbitals were observed for the Walsh or Forster-Coulson-Moffit type orbi

tals. 
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CHAPfER 1 

INTRODUCTION 

Over the past 80 years, electron spectroscopy has proven itself an 

invaluable tool in the study of the electronic structures of atoms and 

molecules. The past 20 years have seen a renaissance occur within this 

. field, primarily due to technological advances in vacuum techniques and 

methods of electron beam production, energy analysis and detection. 

Electron spectroscopy is a term which covers a broad range of types of 

measurements. Many of these techniques are reviewed in the excellent 

series of monographs on electron spectroscopy edited by C. R. Brundle 

and A. D. Baker.1 The common feature in all of these techniques is that 

they all involve measurements of processes that are either induced by 

electrons incident upon a target or that involve electrons which are emit

ted by the target. The target may consist of atomic or molecular gases, 

solids, or atomic or molecular species adsorbed on surfaces. 

The majority of electron spectroscopic techniques may be classified 

into two major types. In those of the first type, electrons are produced 

by the interaction of ionizing electromagnetic radiation (usually ultra

violet light --+ x-ray) with the target. This type of electron spectroscopy is 

usually referred to as photoelectron spectroscopy (PES). In those of the 

second type of electron spectroscopy, the electrons themselves are used 

as the excitation source. This type is referred to as electron-impact 

spectroscopy (EIS). In this work, experiments involving variable-angle, 

low-energy electron-impact spectroscopy and variable-angle ultraviolet 

photoelectron spectroscopy will be described. 

There are fundamental similarities and differences between both 

types of experiments. Both involve the measurement of the kinetic 
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energy of scattered electrons and utilize similar experimental techniques 

to accomplish this task. The major difference between them concems 

the nature of the excitation sources involved. When a vacuum ultraviolet 

or x-ray photon interacts with a target, as occurs in PES, it is generally 

annihilated and does not scatter with a different energy than it came in 

with (the exceptions being Raman and Compton scattering which are not 

important processes in the experiments under consideration here). On 

the other hand, when an electron interacts with a target, it is not annihi

lated but usually scattered either with no change in its kinetic energy 

(elastic scattering) or with a kinetic energy which is different by a 6E 

than its intial energy, where 6E corresponds to the energy imparted to or 

removed from the target. Other differences exist in the nature of the 

information obtained from these experiments. Photoelectron spectros

copy probes the energetics of bound state to ionic state transitions while 

in the electron impact spectroscopy considered in this thesis, we probe 

the bound state to bound state excitations. 

In spite of the differences between these two kinds of experiments, 

the information obtained from them is mutually complementary in that 

both involve the same intial state. One example of this interconnection 

involves the use of EIS to measure the positions and determine the 

nature of the Rydberg type excitations of a molecule. These in turn are 

used to confirm the location and nature of the ionic states observed in 

PES. Conversely, one can use the locations and band shapes observed in 

the PES spectrum to approximately predict the position of the Rydberg 

states of a molecule thereby facilitating the assignment of the states 

observed by EIS. 

An added feature of the studies presented in this work, is the use of 
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the scattering angle, 8 , as an experimental parameter. In the variable

angle, ultraviolet photoelectron spectroscopy experiment, 8 is defined as 

being the angle between the incident photon beam and the ejected elec

tron beam. In the low-energy variable-angle electron-impact spectros

copy experiment, 8 is defined as the angle between the incident and the 

scattered electrons. The use of this variable in the experiments allows 

one not only to obtain additional information concerning the electronic 

structure of the target but also provides useful information about the 

dynamics involved in these processes. Thus the use of 8 as an experi

mental parameter presents us with a "key" to deciphering some of the 

information contained in the electron kinetic energy spectrum produced 

by both experiments. In EIS. the measurement of the differential cross 

section (DCS) for a given excitation as a function of 8 allows us to eluci

date the nature of the transition and thus shed light on the intial and 

final states involved. In PES the variation of the DCS as a function of 8 

allows one to determine the assymetry parameter, {J, which in turn can 

help identify the intial states involved in addition to identifying whether 

or not such dynamical processes as shape resonances or autoionization 

are occurring. 

The work which follows can be divided into two major sections. 

Chapters 2-7 deal with the technique of low-energy, variable-angle 

electron-impact spectroscopy and its application to the chloro- substi

tuted ethylenes and the group Vlb transition metal hexacarbonyls. 

Chapters 8-11 involve experiments using variable-angle , ultraviolet pho

toelectron spectroscopy. This technique is described along with its appli

cation to a series of three-membered ring heterocycles. 
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Cl-IAPI"ER 2 

INTRODUCTION TO ELECTRON-IliPACT SPECTROSCOPY 

The collision of an electron with a gas phase-atom or molecule may 

result in a number of possible outcomes. Some of these are transfer of 

translational energy, excitation or de-excitation of internal target states 

(electronic, vibrational, or rotational), ionization, negative ion formation, 

molecular fragmentation, or various combinations of these processes. 

Data from electron scattering experiments are useful not only for the 

study of the internal states of the target but also for gathering dynamical 

information about the electron-target interaction. The information 

gleaned from such experiments has direct application in the study and 

understanding of upper atmospheric processes, 1 electron beam transport 

in gases,2 gaseous discharges,3-5 plasma chemistry and physics,e-a elec

tron beam pumped lasers,9
•
10 and astrophysics .11 In this work, our pri

mary concern is with the inelastic scattering of electrons by gas phase 

molecular systems. In particular, we v.ill be dealing with the formation of 

electronic excited states of these systems by the electron-impact pro

cess. A knowledge of the energy and nature of these states is important 

in understanding photochemistry12 and radiation chemistry and phy

sics. 13 The transition energies and cross section data also serve to pro

vide "benchmarks" with which to compare a.b intio electronic structure 

calculations and calculations of the dynamics of electron scattering. 

Conversely, accurate calculations may be used to help interpret the data 

obtained from electron-impact experiments. 

In our case, studies of molecular systems are performed by making 

use of electron energy-loss spectroscopy. Such spectra are obtained by 

focusing a beam of mono-energetic electrons onto a gas target, usually 
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contained in a static gas cell or in an effusive molecular beam, and then 

measuring the energy of the scattered electrons at a given scattering 

angle, 8, and for a given incident electron energy, E . Care must be 
0 

taken to keep the gas pressure of the sample low enough so that an elec

tron traversing the interaction region undergoes no more than a single 

collision otherwise inaccuracies will result in the measured cross-sections 

and energy losses for the observed transitions. The result of such a 

measurement is the energy-loss spectrum, and is the electron-impact 

analog of the optical spectrum. This type of measurement is not new; in 

fact. the first electron energy-loss spectra where recorded for atomic 

species by Franck and Hertz 14•15 in the early 1900's. 

Electron impact spectroscopy has several advantages and disadvan

tages when compared with optical spectroscopy. The major advantage of 

optical spectroscopy is its superior resolution in the infared and visible 

regions of the spectrwn. Rotational resolution is not difficult to achieve 

in this region and is several orders of magnitude better than the typical 

20-30 meV resolution achieved with today's state-of-the-art electron

impact spectrometers. Another major advantage of optical spectroscopy 

is that the theory of optical absorption is much easier than that of low

energy electron-impact spectroscopy and has been the subject of many 

detailed studies over the past 80 years. Much theoretical work on the 

interpretation of optical spectra exists and the selection rules are gen

erally well-defined. 16-18 Theoretical work of this type has generally 

lagged behind somewhat in the field of electron-impact. Even though 

efforts are being made to rectify this situation , the difficulty of theory 

involved is still a serious stumbling block. 

There are several major advantages to using electron-impact spec-
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troscopy over optical spectroscopy. The first of these is that with a single 

instrument one has the capability of obtaining spectra whose energy- loss 

extends from the infrared (several meV) clear through the x-ray region 

of the spectrum (several hundred eV ) with a constant energy resolution 

over the entire range . This capability does not exist for optical spectros

copy, which would require several instruments to scan the same energy

loss range. The advantages of using electron-impact spectroscopy 

become readily apparent in the spectral region beyond the LiF cutoff fre

quency (about 12 eV) . Very little optical work has been performed in the 

energy-loss region of 10-20 eV due to the complex instrumentation 

required for such studies. Using the electron-impact method, it is as 

easy to study energy-loss regions at 20 eV as it is to study them at 2 eV. 

The spectral region from 10 to 20 eV is especially interesting in that it 

contains transitions to super-excited states which lie above the first ioni

zation potentials of the molecules. An understanding of the nature of 

these states is important to understand the physics and chemistry occur

ring in this little-studied spectral region. In this region the resolution of 

electron-impact spectroscopy equals or exceeds that available with typi

cal vacuum-ultraviolet rnonochromaters. The electron-impact method 

also avoids some of the complications such as line saturation effects 

which must be contended with when using optical spectroscopy to obtain 

accurate oscillator strengths for transitions within this region.19 

Electron-impact also has the advantage of possessing two variables in 

addition to the energy-loss for determining the nature of the excited 

states of the target. These are the incident energy, E , and the scattero 

ing angle, 8, which have no optical analog. It is by varying these two 

parameters that one can observe and assign transitions forbidden by the 
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optical selection rules .20•21 These include both spin-forbidden and 

symmetry-forbidden transtions. To see why this occurs, we must first 

discuss the two modes of excitation which exist in electron-impact spec

troscopy . The first mechanism is referred to as the direct or Coulomb 

excitation. In this case the target sees a rise in the electric field due to 

the passing electron's charge. The target may absorb energy form this 

field in a similar manner to which it can be thought to absorb energy 

from a light wave. By conservation of energy, the amount of energy the 

target absorbs shows up as an energy-loss experienced by the passing 

electron. Transitions which are primarily excited by this mechanism see 

a slow increase in intensity as the incident electron energy increases 

from threshold to 50-100 eV above threshold after which they show a slow 

decrease as one goes to higher incident energies.22 Transitions excited 

by this mechanism also exhibit a marked intensity peak at 0° scattering 

angle, dropping off by one to two orders of magnitude as the scattering 

angle is increased from D-90°.20
·
21 This is due to the relatively long-range 

nature of the electrostatic force which drives these excitations, as a 

result of which the electron does not have to pass very close to the target 

for the latter to "feel" that charge. This results in the majority of the 

electrons undergoing little or no change in direction after interacting 

with the target. At high energies and low scattering angles, where the 

Born approximation holds,23 this mechanism of excitation obeys the opti

cal selection rules. 24
•
25 

The second mechanism of excitation has no optical analog and 

involves the electron exchange process. This process, first discussed by 

Oppenheimer 26•27 involves the physical exchange between the incident 

electron and a target electron. This type of interaction may have three 
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possible outcomes. First,an electron in the target may exchange with an 

incident electron of identical spin and then leave the target carrying with 

it the same amount of energy the incident electron came in with. 

Second, the electron may exchange with an electron of identical spin and 

leave the target with an energy-loss corresponding to an excitation 

energy of the target. Third, the electron may exchange with an electron 

of opposite spin and leave the target in an excited state. the outgoing 

electron leaving with an energy-loss corresponding to the spin forbidden 

excitation energy. It is this last possible outcome that circumvents the 

conservation of spin selection rule of optical spectroscopy. One must 

remember, however, that this AS=O selection rule is not violated for the 

electron plus target system since the spin of the entire system does not 

change even though the spin multiplicity of the target changes. Excita

tions involving the exchange mechanism exhibit rapid intensity decreases 

as one moves from incident energies near threshold to higher incident 

electron energies.28 Transitions excited by this mechanism exhibit a 

nearly uniform intensity as one increases the scattering angle from 10° 

to 90°. This is due to the scrambling of the directional information car

ried by the incident electron during the exchange process. It is this trait 

of spin-forbidden transitions which permits their essentially unambiguous 

identification in electron-impact spectroscopy in systems for which spin

orbit coupling is small. 

Another advantage to using the electron impact method is that it not 

only allows one to measure transition energies to the excited states of the 

target that it also permits one to investigate the dynamics of the 

electron-target collision process. This is usually done by measuring the 

scattering angle and incident electron energy dependence of the inten-
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sity of a given feature in the electron impact spectrum. As mentioned 

previously, these experimental parameters have no optical analog since 

photoabsorption is a resonant process in which the photon is anhilated. 

The measured quantity which is the primary carrier of the dynamical 

information is known as the cross section. The cross section is defined as 

being the number of events per unit time per target divided by the 

number of incident electrons per unit time per unit area 29 thus giving 

the cross section the dimensions of an area per target. There are two 

kinds of cross sections referred to in describing the collision process . 

The first is the differential cross section (DCS) which is just the cross sec

tion per unit solid angle for scattering into a given direction defined by 

the spherical polar angles 8 and ~- In our experiments in the gas phase , 

the target molecules are randomly oriented with respect to the incident 

electron beam and thus the ~ dependence of the DCS will vanish.21 The 

other is the integral cross section and is just the differential cross sec

tion integrated over all scattering directions . Again, experiments 

measuring the angular dependence of the DCS for ineleastic electron 

scattering are not new, the first having been performed by Dymond in 

1927.30 

The angular dependence of the DCS for a given transition in the 

energy-loss spectrum has proven to be useful in determining the nature 

of the excited state involved.20·21 The DCS of a spin-forbidden transition 

is generally approximately isotropic and usually remains constant to 

within a factor of 2 over the angular range of 10° to 90°. As described 

previously, this is due to the nature of the exchange excitation mechan

ism. In contrast to this, spin-allowed transitions and elastic scattering 

display strongly forward peaked DCS's which fall off by one to two orders 
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of magnitude as the scattering angle is increased from 10° to 90°. Again, 

this is due to the nature of the excitation process. Spin-allowed but 

symmetry- forbidden transitons present an intermediate case. DCS's for 

these transitions do not fall off quite as rapidly as a function of angle as 

do the fully allowed transtions nor do they remain as constant over the 

angular range as do spin-forbidden transitions.:u Examples of this type 

of transition occur in both the chloroethylenes and the transition metal 

hexacarbonyls and makes the identification of the symmetry-forbidden 

transitions in these compounds a rather straightforward task. It is this 

ability to observe and assign optically forbidden transitions that makes 

electron impact spectroscopy the powerful tool that it is. Table 1 shows 

examples of the enhancements of both types of forbidden transitions as 

observed in the spectrum of helium. 

In this work we will be applying these principles to the study of a 

series of chlorinated ethylenes and the group Vlb transition metal hexa

carbonyls (chapters 5 and 6, respectively) . In chapter 3 a brief introduc

tion to the theoretical foundations of the concepts presented in this 

chapter will be presented. In chapter 4 the instrument used in these stu

dies will be described. At this point those readers who desire further 

material concerning electron impact spectroscopy are referred to some 

of the many reviews that exist on this subject. 19-21 •
24

•
31

-35 
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Table 1. 

A Comparison of Some Relative Electron-Impact Excitation Probabilities 

in Helium with Typical Optical Transition Probabilities. Popt is the Rela

tive Optical Excitation Probability; P~ec is the Relative Electron-Impact 

Excitation Probability for an Incident Ener&Y of 35 eV; and Pelec(8) is the 

Relative Probability for Electrons to Scatter at an Angle 8 After Causing 

the Excitation for an Incident Ener&Y of 35 eV. 

Pelec(e)r 

Transition Transition Type Popt Pilec 8 = 0° 9 = 70° 

t 1s ..... 2 1P Electric dipole allowed. t• t• t• t• 

t 1s ..... 21S Electric dipole forbidden, to-5- to-eb 0 .18d 0 .40 0.21 
electric quadrupole allowed 

11S ..... 2!T Spin forbidden , _ 10-to c 0.12• 0.023 1.3 
electric dipole allowed . 

a) The relative probability of this excitation is taken to be unity. 

b) Ref. 36 

c) Ref. 37 

d) Ref. 38 

e) Ref. 39 

f) Ref. 40 
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CHAPTER3 

TIIE TIIEORY OF ELECTRON IIIPACT 

In this chapter, we will not attempt any rigorous derivation of the 

quantum mechanical formalisms of the electron scattering problem. 

Rather, we will present the results of such derivations with the major 

emphasis placed on their physical interpretation and their implications 

for the experimental results . A more detailed theoretical treatment is 

given in the appropriate reviews on the subject.1-5 

The theoretical descriptions which follow may be divided into two 

separate approaches to the interpretation of the electron scattering 

problem. The first approach makes use of potential scattering theory in 

order to determine the general behavior of the differential cross section 

(DCS) for both the direct (Coulomb scattering) and exchange scattering 

processes. The second approach involves the use of the first Born approx

imation to show the relation between optical spectroscopy and electron

impact spectroscopy. 

We will now show how the general behavior of the DCS for the various 

processes can be obtained from basic potential scattering theory. The 

argument presented here will generally follow that presented by Trajmar 

et al~ in their review on electron-impact spectroscopy. 

The wave function of the incident electron, when far away from the 

target molecule 7 , is a plane wave of the form 

l!w = exp(ip-r/ll') = exp(ik·r) ( 1) 

where the r is the electron's position vector and kits wave-number vec

tor. If we orient the z axis along the incident electron direction, equation 

1 becomes 
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ltw = exp(1kz) (2) 

If we now introduce a central field scattering potential, which interacts 

with the plane wave, the scattered electrons can be thought to emanate 

from the scattering center as a spherical wave which, as r .... .., has the 

form 

lt.,; = I (9) exp('ikr) 
r 

(3) 

where /(9) is the amplitude for the electron scattering into the direction 

making an angle, 9, with the direction of the incident electron. The 

asymptotic behavior of Ule electron's total wave function is given by 

;; = exp(ikz) +I (9) exp('ikr) 
r 

and the expression relating the scattering amplitude to the DCS is 

d.u = 11(9)1 2 
d.O 

(4) 

(5) 

If one applies partial wave analysis1 to this problem, one can express the 

incident wave as sum of products of radial and angular functions 

exp(iJ:z) = f;C2l+l)i1 jL(Icr)P,(cos9) (6) 
teO 

where j, is now the spherical Bessel function of order L. One can now 

think of the scattering process as distorting the plane wave by introduc

ing phase shifts, '1t, in the different angular momentum terms of the 

incident wave. We can then relate the scattering amplitude to these 

phase shifts, "1t, by realizing that the wave function must asymptotically 

reduce to the form of equation 4. This leads to, 

1(9) = ~ f;(2l+l)exp(i'7'Jt)sin'7'],P1(cos9) 
&=0 

(7) 
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l to the DCS. from which we get,5 

(B) 

where each term in the expansion is called a contribution of partial wave 

l to the DCS. If "7t is small then it can be shown, using a perturbation 

approach, that6 

-
"7t ~ -; j[J,+Ji(kr)]2U(r)rdr 

0 
(9) 

where U(r) is the electron- molecule interaction potential and Jt+M is a 

Bessel function. 

We now make the assumption that r 2 U(r) has an effective ranger 
max 

and that within that range it never exceeds some finite value6 : Thus we 

can state the following, 

r 2 1 U(r) I ~ a D<rsrm&% 

= 0 rm&%<r 

(lOa) 

(lOb) 

kr 
With a low enough impact energy such that ~ « 1 we can use the 

small argument form of Jt+M·9 When applied to equation 9, this gives 

riiiU 

I I rr a J ( lcr )2l+l ctr _ 2rra ( krmu: )2l+l 1 
17' < 2 [f(l+}0] 0 2 r - (2l+l)3 2 [r(l+}0] 

(11) 

For small 17, equation 8 can be written as 

da i -
dO ~ lc2 I ~ (2l + 1) "7t P, (cosa) 12 

l=O 
(12) 

We can now obtain a feel for the behavior of the DCS as a function of 

excitation mechanism. In chapter 2 we discussed the mechanisms of 

excitation in electron-impact phenomena and pointed out that the range 

of the direct or Coulomb interaction mechanism is much larger than that 
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ot the exchange interaction. From equation 11 one can see that many 

more partial waves will contribute to the DCS expressed in equation 12 

for the direct mechanism than for the exchange mechanism based purely 

on the effective range of the interaction potential. Due to the nature of 

the Legendre polynomials, the more of them that are included in the 

expansion, the more forward peaked the DCS will become. For the 

exchange mechanism, less terms are needed and thus the DCS will 

display a more isotropic behavior. One can also see from equation 11 

that if one lowers k (lower incident electron energy) that again fewer par

tial waves are needed and that the DCS should become more isotropic. 

Both of these generaJ trends have been verified experimentally.6 

At higher incident electron energies, we may approach the problem 

from a different perspective. We will now present the basic arguments 

used by Celotta and Huebner10 in relating optical results to electron 

scattering results in their review of electron-impact spectroscopy. For a 

detailed discussion on the theory of high energy electron scattering, the 

works of Bethe11 and Inokuti3 are recommended. 

At sufficiently high incident energies one may use the first Born 

approximation. From it one can write the differential cross section for 

the scattering of an electron oft' a ground state target to produce an 

excited state with an excitation energy of E as 
n 

du lc:' 
dO = 4a§~ltn(K)I2 (13) 

where K is the momentum transfer vector K = k - k" One can relate the 

magnitude of K to the incident and scattered electron momenta, k and 

k", and the corresponding kinetic energies T and T", where T" = T - E , by 
n 

the following expression, 
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(14) 

The quantity I En (K) I in equation 13 is defined as the transition matrix ele

ment between the intial state '¥to and final state '¥'n of the target and can 

be written as 

~n(K) = <Yin I f exp(iK·rJ l'¥'o> 
J=l 

(15) 

whe.re N is the total number of electrons in the ta::get and r. is the posi-
l 

tion vector of the jth electron. En (K) is often referred to as the inelastic-

scattering form factor and contains the properties of the target. If this 

expression is summed over all molecular orientations and all degenerate 

substates, En becomes a function of the magnitude of K and will be writ

ten as En (K) from now on. 

Bethe10 has introduced the concept of the generalized oscillator 

strength (GOS) as 

(16) 

We can then use this relation along with equation 13 to obtain the follow

ing expression for the DCS in the first Born approximation. 

d.u = 4a.6 lcJc' /n(K) 
d.O T/ R xe (En/ R) 

(17) 

Equation 17 can now be used to introduce the concept of an apparent 

GOS, 1 n (k, T), based on the DCS, whether or not the first Born approxima

tion is valid. It is defined as 

(18) 
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where :~ is the correct DCS. Defining 7 by 

(19) 

we can express !(l; kk' in terms of it as 

:; =r+4s~ (20) 

Equation 18 applies to transitions between discrete states but Inokuti3 

has discussed the modification of this expression to include transitions to 

continuum final states. This is done by replacing a by d.a/d.E and fn(/0 

by d.f (K,E)I d.E . d.f (K,E)I d.E is just the energy-loss density of GOS and is 

usually summed over all possible discrete and continuum states. This 

results in 

d./ (K,E) = ~(En) [ len(K) 1
2 

]c5(En -E) 
d.E n R (Ka0) 2 (21) 

where c5(En -E) is the delta function of energy transfer and ~ denotes a 
n 

sum over discrete states and an integral over continuous ones. Lasset

tre12 has shown that the GOS can be obtained from the electron impact 

spectra regardless of whether or not the Born approximation is valid by 

extrapolating to k=O. 

One can now expand the operator in the right-hand side of equation 

15 using a power series expansion in the same manner one would expand 

the optical operator. This yields, 

(22) 

n ,m 
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where q is a unit vector in the direction of K. Since only the square of 

the absolute value of ~n (K) appears in the expression for the GOS, only 

the even powers of K survive. One can see from the power series expan

sion , that for small K only the dipole term is important. At large enough 

K higher order terms become important and thus by altering K (which is 

a function of incident electron energy and scattering angle) one can 

observe dipole forbidden transitions. This is an important consequence of 

equation 22. 

Now one can relate the GOS to the optical oscillator strength J n by 

(23) 

and therefore the optical oscillator strength can be obtained from elec

tron scattering measurements 

The importance of the electron exchange process in electron scatter

ing was first pointed out by Oppenheimer13
•
14 in 1928. He pointed out 

that as the energy of the incident electron decreases the cross section 

for exchange increases. Furthermore, Goddard 15 and Read and White

rod 16 have used symmetry arguments to predict the behavior of the DCS 

for certain types of symmetry-forbidden transitions. 

Exact calculations involving the electron scattering problem are at 

best an extremely difficult if not impossible task involving the solution of 

an infinite set of coupled integro-differential equations. 17 To circumvent 

this problem a number of approximate methods have been used to solve 

these equations or to reformat the problem into a more tractable form. 

We will not discuss any of these methods at the present time; however, 

those who are interested are referred to the appropriate reviews lB-21 and 

the references they contain. 
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CHAPTER4 

EXPERIMENTAL ELECTRON-DIPACT SPECTROSCOPY 

The results presented in this thesis were obtained using a modified 

version of the Model III electron-impact spectrometer (EISIII) which has 

been described in the Ph.D. theses of W. M. Flicker1, R. P. Frueholz2 and 

R. Rianda. 3 In this chapter we will present a brief description of the 

experimental apparatus with emphasis being placed on the changes made 

in the instrument over the past five years. The instrumentation will be 

discussed in the following sections and a review of the data handling pro

cedures will also be included. 

a) Vacuum system 

The vacuum system used in these studies has been described previ

ously by Rice4 and Flicker5 and consists of a t¥304 stainless steel enclo

sure of about 70 liters in internal volume (figure 1). The chamber is con

nected to the pumping system via an 8" diameter flexible metal bellows 

assembly. The pumping system consists of a 10" pneumatically con

trolled gate valve, 9" diameter 304 stainless steel elbow, 9" liquid nitrogen 

trap, 9" freon baffle, and a 9" 1500 liters /second mercury diffusion pump. 

The speed of the pumping system has been measured to be between 300 

and 350 liters/second at the inlet to the main chamber. The diffusion 

pump is backed by a 500 liter /minute mechanical pump with a 2" diame

ter freon baffle at its inlet. The freon baffle prevents mercury from the 

diffusion pump from contaminating the oil in the backing pump. The 

base pressure of this system under typical operating conditions varies 

from 1 x 10-7 to 3 x 10-7 torr. 

In addition to the main chamber pumping, two additional pumps are 

mounted on the spectrometer. The electron optics enclosures are 
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differentially pumped with respect to the main chamber. In the original 

design.1 this pumping was to have been provided by a 30 liter /second ion 

pump. However, this was found to cause problems due to the magnetiza

tion of some of the spectrometer parts and was replaced by a 30 

liter /second mercury diffusion pump stack consisting of a 2" gate valve, 

2" liquid nitrogen trap. and a 2" mercury diffusion pump backed by a 60 

liter/minute mechanical pump. The base pressure of this pumping sys

tem after several days of pumping varies from 5 x 10-7 to 1 x 10-e torr. 

This pumping system can maintain a pressure differential of two orders of 

magnitude between the electron optics enclosures and the main 

chamber. 1bis is important, especially when the molecular beam source 

is used, for maintaining clean electron optics to ensure reliable operation 

of the spectrometer. The pressure in the optics chamber is usually main

tained between 1 x 10-e and 4 x 10-e torr. The enclosures around the 

electron optics also reduce the instrumental noise by shielding them 

from stray background electrons. 

The third source of pumping consists of a liquid nitrogen cooled cryo

trap.1 Though initially designed as a beam dump, it was found that for 

condensable materials, the pressure in the main chamber was lowered by 

a factor of 2 to 5 when this pump was used. 

The entire vacuum system is under the control of a vacuum interlock 

system described by Mosher.5 This system shuts the gate valve and turns 

off the diffusion pump in case of an over-pressure. The pressures are 

monitored at the foreline and at several places on the spectrometer. 

There is also a vacuum switch on the foreline which shuts down the 

instrument when the pressure rises above 1 torr. 1bis interlock system 

also turns off the filament in the electron gun and the high voltage to the 
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detector in order to prevent damage to these components. The clock cir

cuit which controlled the filling of the 9" cryotrap has been replaced by a 

liquid nitrogen level sensing Torr Vacuum Products Cryomiser which has 

proven to be more reliable than the clocks previously used. The 2" 

diffusion pump trap and the cryopump must be filled manually at approx

imately 8 hour intervals . 

b) R.F. a:nd magnetic shielding 

The spectrometer and its associated electronics are contained within 

a specially designed RF shielded enclosure manufactured by Topatron 

Inc. This room provides 100 dB attenuation of electromagnetic frequen

cies in the range of 1o4 to 1011 hz. All of the electrical and mechanical 

feedthroughs into this room are designed to minimize RF transmittance. 

It had been thought that such shielding was necessary for high resolution 

work4 but we have found that for the resolutions used in this work (30 -

100 meV), that keeping the entrance door to the enclosure open or closed 

made no difference in the operation of the spectrometer. 

Magnetic shielding is very important in ensuring proper operation of 

this instrument. The magnetic shielding used consists of a single .050" 

~-metal shield which reduces the ambient magnetic field within the spec

trometer to about 5 milligauss. Even with this shielding, care must be 

taken not to introduce any highly magnetic materials or objects into the 

vicinity of the spectrometer. It was found that LN2 dewars and some tools 

had a visible effect on the electron beam when brought into the vicinity of 

the instrument. This was especially true at the lower incident energies 

(15- 25 eV) . 

c) Electron optics 
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The electron optics form the heart of any electron impact spectrom

eter since the operating characteristics of the instrument are deter

mined by them. There are two sets of electron optics which may be used 

with this instrument. The first set is that described in the Ph.D. thesis of 

W. M. Flicker1 and was initially tried with negative results. Negligible 

current was measured at the scattering center (in addition to being 

difficult to tune) leading to the design of a new set of electron optics. 

This set was designed by Dr. David Edmonson and is briefiy described in 

the thesis of R. Rianda. For a more detailed discussion of the design 

parameters used, the reader is referred to laboratory notebook 1/4377, 

pp. 11-79. While showing better characteristics than the original optics, 

this set also proved to have problems in ease of tuning and maintaining a 

usable electron current at the scattering center. A number of 

modifications were made before reliable operation was attained. We will 

thus proceed to describe this last set of optics with the design changes 

included since it is this set which was used in the collection of all the data 

presented in this thesis. 

The overall optical design, shown in figure 2, is loosely based on that 

used by Chutjian6 with the electron gun used being very similar in design 

to that described by Mosher.5 The electrons are emitted from a heated 

tungsten electron microscope filament and are extracted through a .050" 

aperture located in a Pierce element (M9) which is biased at a slightly 

negative voltage as measured relative to the center of the filament. The 

electrons are then accelerated through a .035" aperture located in the 

anode (M7). The anode (M7), condenser (M5) , and (M3) form a condensing 

lens of ratios 2:6: 1 which serves to illuminate the entrance window of the 

analyzer with the image formed at the anode and subsequently translated 
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to the decelerator lens. Originally two deflecting plates located at 90° 

with respect to one another were located in the anode. This arrangement 

was changed to a symmetric configuration using four deflector plates. 

This change resulled in greally increased currenl al Lhe scallering 

center in addition to simplifying the tuning of the instrument. 

The 12:1 decelerator is formed by lens elements M3 and HMl. It is 

here that the image sizes, pencil angles, and energy of the electron beam 

are set prior to energy analysis. In the initial design, the window object 

and pupil were composed of .040" and .030" molybdenum apertures, 

respectively. These have been changed to two .020" apertures which 

resulted in slightly lower beam currents as measured at the hemispheri

cal analyzer but increased the beam current transmitted through the 

analyzer by at least a factor of :five as well as providing an increase of a 

factor of two in the energy resolution. There are four deflector plates 

located between these two apertures which are used to maximize current 

transmission and to counter surface potential effects . There is a .1" 

diameter spatter aperture located in HM1 which serves to prevent stray 

electrons from entering the hemispherical analyzer. The electron energy 

analyzers in both the monochromator and analyzer sections of the instru

ment consist of hemispherical sectors with a mean radius of 2.25". The 

theoretical AE/ E of these analyzers is 1%. 

Electrons leaving the monochromator hemispheres are imaged onto 

a 1:12 accelerator formed by the lens elements HM2 and M4. The window 

in M4 has a diameter of .040". Lens elements M4, M6 focus, and M6 :field 

form a variable ratio :field lens which has been designed to operate over 

an electron energy range of 10 eV to 200 eV. The M6 field lens element 

operates at a 3:1 voltage ratio to the M6 focus lens element and also con-
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tains four deflector plates for final beam steering. The electrons leave 

the monochromator optics through a .030" aperture in the exit snout and 

enter the scattering region. The exit snout, scattering chamber, and 

entrance snout form a field free region for the electrons to traverse. The 

apertures in both snouts serve to perform additional collimation of the 

electon beam as well as separating the main vacuum chamber from the 

differentially pumped optics chambers. The beam divergence angle has 

been measured to be about 1.5 degrees . Ideally the interaction region is 

to be free of both electric and magnetic fields but in practice we have 

found that in using incident energies below 20 eV is difficult and requires 

very careful removal of all stray magnetic fields. 

Two apertures (.030" and .015") within the exit snout define the zo 
acceptance angle of the analyzer system. Electrons traveling through the 

snout are accelerated by the adder (All) which serves to add in the 

energy the electron lost in its interaction with the target gas. This lens is 

designed to be a "weak" lens in that the focal properties of the electron 

beam passing through it are not significantly changed. The focus lens 

(A9) functions over a wide voltage range and focuses the beam onto a 

4:1:4 Einzellens formed by the lens elements A7, A5, and A3. A7 contains 

another set of 4 deflectors which permit fine beam steering. This Einzel 

lens translates the image to a 35: 1 decelerator formed by lens elements 

A3 and HA2. The electrons are again energy analyzed by a hemispherical 

sector analyzer identical to that used in the monochromator. 

The detector stage optics are not those originally designed for this 

set but rather those designed for the original electron optics by W. M. 

Flicker.1 The actual differences between the two are minor and they are 

functionally identical. Basically HA2 and A4 form a 35: 1 accelerator 
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which translates the electrons leaving the hemispheres onto the front 

cone of a Gallileo 4219 spiral electon multiplier. There is a .030" aperture 

located in HA2 which functions as the energy resolving aperture. This was 

changed from the .050" aperture in the initial design. There is a set of 

deflectors located in A4 in order to prevent "bore sighting" in the elec

tron multiplier but these are not used at present and are just electrically 

connected to A4. The theoretical voltages for the lens elements are listed 

in table 1. These voltages only represent good starting points, the actual 

voltages vary according to the operating conditions and cleanliness of the 

electron optics. 

As mentioned earlier, two of the problems encountered with both 

sets of optics were the lack of usable current at the scattering center 

and ease of tunability. It was found in the case of the second set of optics 

that the asymmetric deflectors were the primary cause of this trouble . 

The deflectors were changed to symmetric sets in both sets of optics even 

though the Flicker design was not used in these studies. The instrument 

wiring has been changed (see pages 154 and 162 of lab book #5000) to 

accommodate both sets of optics in a way that interchanging them should 

be an easy task. 

Changes were also made to the control panel wiring described in Lab 

book #4377, pages 140-141. The accelerator and decelerator lens ele

ments on both the analyzer and monochromators were wired together 

but this was changed such that all the elements were individually adju

stable. This has made tuning easier and allows for more complete com

pensation of surface potential effects. 

The monochromator is mounted on a rotating table such that it may 

be rotated from -15° to +110° about the pivot axis with respect to the 
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analyzer (see figure 3). The actual scattering angle varies from -15° to 

100° due to the fact that the analyzer and monochromator are located at 

an angle of 20° with respect to the horizontal plane (figure 4) . This is 

somewhal less lhan the 135° maximum scallerlng angle achievable wilh 

the Flicker design. Initially this 20° angle caused difficulty in aligning the 

optics however the mounting brackets on the front flange were modified 

so that the entire spectrometer assembly can be tilted -20° with respect 

to the horizontal plane such that one has a straight line-of-sight through 

the optics for alignment. As mentioned previously both the analyzer and 

monochromator optics assemblies are enclosed in differentially pumped 

housings which maintain pressures below 5 x 10-e torr during spectrome

ter operation. The entire spectrometer is mounted on a wheeled cart so 

that it can be easily removed for servicing (figure 5) . 

Typical beam currents as measured at the scattering center range 

from 1 to 20 nanoamps . System resolutions are typically between 50 and 

100 meV FWHM as measured for the elastically scattered beam. High 

resolution spectra have been taken at 30 meV FWHM under optimal condi

tions . 

d) Target source 

In the thesis of W. M. Flicker1, a dual mode target source was 

described which could either be used as a static gas cell or, with the 

removal of a cap, a capillary-array molecular beam source. This was all 

designed into two stainless steel blocks which also contained the electron 

optics he designed. With the new electron optics, this system could not 

be used so a new target source had to be devised. A new source was dev

ised in such a way that it would be easy to convert from a static gas cell 

to a molecular beam target. The static gas cell (figure 6) consists of a 
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tube of an OFHC copper tube which has a slot of .060" width milled 120° 

around its circumference at a zoo angle to the horizontal. There are two 

.060" holes drilled opposite the slot at 0° and 55° which allow the electron 

beam Lo exil inlo lhe analyzer and Faraday cup assemblies, respeclively. 

The Faraday cup consists of a short length of OFHC copper tubing that is 

sealed at one end. The tube slides onto a 3/8" OD copper tube and is held 

in place by three set screws. The 3/8" tube functions as the gas inlet and 

passes through the differential pumping stand in the center of the table 

via a rotary seal assembly . In all other respects the sample inlet system 

closely resembles that described by Flicker.1 

Initially the molecular beam capillary array described by Flicker was 

tried but it was found to load down the vacuum system without producing 

a sufficient intensity at the scattering center. A new effusive source was 

constructed using a #316 stainless steel hypodermic needle of .050" ID 

and length-to-diameter ratio of 6 (figure 6). This assembly is press fit 

onto the gas inlet tube and was found to provide adequate gas density at 

the scattering center without overloading the pumping system. The pres

sure in the main chamber is approximately a factor of two greater when 

using the beam source as compared to the static gas cell. DCS measure

ments using well-known systems were made using both sources to ensure 

that no artifacts due to surface effects were present. 

The third target source which may be used with this instrument is 

the heated pyrolysis tube (figure 7). This consists of a 1 /4" OD quartz 

tube which is constricted at one end to form a 1/8" OD, .060" ID, .3" long 

capillary. Around this capillary is wrapped one layer of #316 stainless 

steel sheathed heater wire (manufactured by Semco Industries) which 

can generate temperatures up to 1000° C. The heater assembly is 
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wrapped with a single layer of .005" tantulum foil which acts as a radia

tion shield. Thermocouples located on the heater assembly are used to 

monitor the temperature. Temperatues in excess of aooa C have been 

attained with this source. The characteristics of this source are very 

similar to the capillary source described previously. The gas inlet line for 

this source is a #316 stainless steel flexible hose which connects to the 

normal inlet system at the front flange feedthrough. The flexline permits 

free rotation over the full angular range of the instrument. Preliminary 

results (see Chapter 7 of this thesis) indicate this type of source can be 

used to provide a usable density of free radicals at the scattering center. 

There are, however, several problems which must be addressed in 

future revisions of this design. The major problem incurred is the mag

netic field generated by the current flowing through the heater wire . At 

the maximum heater current a decrease of 20% in the electron beam 

current at the scattering center was observed. This may cause problems 

when accurate DCS measurements are desired. 

e) Detection and data collection system 

Electron detection is accomplished by a Gallileo SEM 4219 electron 

multiplier. The multiplier is connected into the circuit described by R. 

Rianda3 with the exception to his design being the replacement of the 

preamplifier he described by a Mechtronics Nuclear Model 509 NIM 

preamplifier. This proved to be much more reliable and less noisy. The 

computer system consists of a MSC 8001, ZBO based single board com

puter and is fully described in R. Rianda's thesis.3 This computer func

tions as a programmable multichannel scaler which collects the counts 

from the electron multiplier and stores them in memory. The computer 

also sweeps the voltages of the electron energy analyzer while increment-
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ing the storage locations in its memory. This results in the collection of 

the spectrum under study. The computer also displays the spectrwn 

being accwnulated on an oscilloscope and can plot the spectrwn on an 

X-Y recorder. The spectra accumulated are stored on floppy disk for 

transfer to a mainframe computer for further data analysis. 

f) Data hD.ndling 

The data handling programs written by R. Rianda 1 were not used in 

this work due to the removal of the computer for which they were writ

ten. These programs were rewritten so that they would run on the chem

istry department VAX 11 /?80. The floppy disk operating system on the 

spectrometer computer uses a different storage format than that used by 

the VAX. To remedy this a translation program was written by J . W. Win

niczek which converts data from one storage format to the other. Once 

the data is transfered, it may be further analyzed by a set of programs 

based on the series of data analysis programs described by W. M. Flicker1 

and R. Rianda.3 The data resulting from this analysis may either be plot

ted or stored on magnetlc tape . 



- 36-

References 

1. W. M. Flicker, Ph.D. Thesis, California Institute of Technology, 

Pasadena, CA. (1976) . 

2. R. P. Frueholz, Ph.D. Thesis, California Institute of Technology, 

Pasadena, CA. (1978) . 

3 . R. Rianda, Ph.D. Thesis, California Institute of Technology, Pasadena, 

CA. ( 1981) . 

4. J. K. Rice, Ph.D. Thesis, California Institute of Technology, Pasadena, 

CA. (1969). 

5. 0. A. Mosher, Ph.D. Thesis, California Institute of Technology, 

Pasadena, CA. (1975). 

6 . A. Chutjian, J . Chern. Phys. 61, 4279 (1974) . 



-37-

Table 1. 

Lens Element Volta&es 

llonochromatorA 

Anode Condenser 113 HM1.HM2 114 116 Field 116 Focus 

200 24 2 24 175 60 

Analyzerb 

Eo A9 Focus A4,A3,A7 A5 HAl,HA2 

30 100 80 20 3 

50 175 110 28 4 

70 240 140 35 5 

90 300 170 42 6 

a) Voltages referenced to the filament center voltage. 

b) Voltages referenced to analyzer power bus. 
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Figure Captions 

Figure 1. Schematic diagram of the electron-impact spectrometer 

vacuum system. CB 1: 9" freon baffi.e, CB2: 2" freon baffle, CT: 

9" LN2 cryotrap, DP: 9" mercury diffusion pump, E: stainless 

steel elbow, EL: mechanical pump exit line, FL: foreline, GV: 

10" pneumatic gate valve, Gl, G2: ionization gages, MP: 500 

liter/minute mechanical pump, T1, T2: thermocouple gages, 

V1: foreline valve, V2: roughing valve, V3: chamber vent valve, 

V4: foreline vent valve. 

Figure 2. Schematic diagram of the electron optics (set 112). 

Figure 3 . Schematic diagram showing the rotation of the monochroma

tor relative to the analyzer about the pivot axis. 

Figure 4. Schematic diagram showing the orientation of the electron 

energy anlyzers to the parting plane and the rotating table. 

Figure 5. Schematic diagram showing the ftange cart with the spec

trometer mounting table and ftange indicated by the dashed 

lines. 

Figure 6 . Schematic diagram showing a) the effusive molecular beam 

source, b) the static gas cell. AES: analyzer entrance snout, 

CAP: hypodermic needle capillary, EA: exit aperature, ES: 

entrance slot, GI: gas inlet, MES: monochromator exit snout. 

Figure 7. Schematic diagram showing the free radical beam source. GI: 

gas inlet, H: heater, QT: quartz tube, SL: swagelock fitting, TS: 

tantalum shield. 
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CHAPTER 5 

Paper I: 

Electron-lmp:icl Spectroscopy of the Chloroethylenes 
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Electron-Impact Spectroscopy of the Chloroethylenes 

C. F. Koerting8
, K. N. Walzl and A. Kuppermann 

Arthur Amos Noyes Laboratory of Chemical Physics, b 

California Institute of Technology. Pasadena, California 91125 USA 

Electron-impact spectra of the six chloroethylenes have been 

obtained at impact energies of 25, 50, and 100 eV and at scattering angles 

from 0° to 90°. The angular and energy dependence of the relative 

differential cross sections was obtained for several features in the 

energy-loss region from 0-11 eV. The behavior of the differential cross 

section was used to identify transitions as being spin-forbidden, 

symmetry-forbidden, or fully allowed. In each molecule the lowest transi

tion was identified as being analogous to the N -+ T transition in ethylene . 

The position of the excitation maxima for these transitions decreases 

from 4 .13 eV in vinyl chloride to 3.54 eV in tetrachloroethylene. 

Symmetry-forbidden features were also observed in trans

dichloroethylene and tetra-chloroethylene. Transitions to many states, 

lying above the first ionization potential, were observed for the first time 

and assigned as belonging to Rydberg series converging to higher ioniza

tion potentials by using the term value method . 

• 
b 

Work performed in partial fulfillment of the requirements for the ·Ph.D. degree in 
chemistry at the California Institute of Technology. 

Contribution No. --
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I. INTRODUCfiON 

An extensive quantity of both theoretical and experimental work has 

been devoted to the study of the electronic structure and spectroscopy 

of ethylene. 1 By virtue of its being the simplest olefin, ethylene and its 

derivatives are frequently studied in order to understand the nature of 

the carbon-carbon double bond and its interaction with substituents. In 

the present work we have employed the technique of low-energy, variable 

angle electron-impact spectroscopy2•3•4 to study the excited states of the 

chloro-substituted ethylenes. Previous electron-impact studies of 

methyl-5 and fiuorcr6 substituted ethylenes have yielded much informa

tion concerning the effects of these substituents on the electronic struc

ture of these compounds. Previous optical work on the chloroethylenes ?- 20 

has focused mainly on the optically allowed transitions in the 5-10 eV 

excitation energy region. The use of electron-impact spectroscopy not 

only allows the study of optically allowed states but also permits the 

study of transitions forbidden by quantum mechanical selection rules.3•4 

Electron-impact spectroscopy has several distinct advantages over other 

techniques used for the study of these excitations in that the nature of a 

transition can usually be uniquely determined by the variance of the 

cross section as a function of scattering angle, 8, and incident electron 

energy, E0 , for cases in which spin-orbit coupling effects are small. 

Electron-impact spectroscopy also permits easy access to states whose 

excitation energy is greater than 10 eV. In this work we have undertaken 

a study of all six of the chloro-substituted ethylenes with this technique. 

This allows us to observe and study the effect of chlorine substitution on 

the olefinic bond in both the optically allowed and optically forbidden 

transitions. 
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We have obtained electron energy-loss spectra with incident electron 

energies of 25 eV and 50 eV and at scattering angles at 10° intervals 

between 10° and 90°. Higher resolution energy-loss spectra were meas

ured at 100 eV incident energy and oo scattering angles so as to approxi

mate "optical" spectra. 1 

In the following sections we shall attempt to summarize the previous 

experimental and theoretical work on the chloroethylenes. The experi

mental details of this work will be described and results presented and 

discussed on a molecule-by- molecule basis. In the case of valence-type 

excitations, the assignments of the various transitions are made with 

reference to those in ethylene. For Rydberg transitions the term value 

approach is used. The relevance of this work to the photochemistry of 

the chloroethylenes will be discussed, as well as the trends observed in 

transition energies as a function of substitution. These trends will also be 

discussed in light of those for other substituents.5 •6 

ll. PREVIOUS WORK 

a} Erperimental 

Optical spectroscopic studies of the complete set of the 

chloroethylenes have been performed by Walsh7 and Berry8 in the 4 to 10 

eV energy region. Walsh and other workers9-20•22-26 have also studied 

individual members of this series. Qualitatively, the spectra of all the 

chloroethylenes look very similar with the lowest optically allowed transi

tion, analogous to the N ~ V, n -+ n• excitation in ethylene, occurring as a 

broad band with some very diffuse structure . The first members of the 

n ~ nl Rydberg series are usually superimposed on the high energy side 

of this band. Generally one does not see n ~ n•, n -+ u• or n -+ u• type 
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valence transitions below the first ionization potential (IP) but their pres

ence has been inferred from various shoulders appearing on the N -. V 

lransition.8 The remainder of the spectiJ.llll consists mainly of sharp 

bands which are Cl3p-. nl Rydberg-type _ transitions converging to the 

various ionization potentials of the molecules. Moore22 has previously 

studied the N,.. T, 1T ,.. n•, singlet -. triplet excitations in vinyl chloride, 

1,1-dichloroethylene, and tetrachloroethylene using ion scattering tech

niques . This transition occurs as a broad structureless band extending 

between 2.5 and 4.5 eV. 

A large number of photoelectron and photoionization studies have 

been performed on various members of this series of compounds. 1!7-4? In 

the tables of transitions for each molecule we will refer exclusively to the 

works of Lake and Thompson27 and Von Niessen et aL28 

b) TheoTetical 

No high quality, ab mitio type calculations exist for any of the 

chloroethylenes. However, semi-empirical MO-type calculations have 

been performed on this system by several groups. Pellegatli et al.,48 and 

Rajzmann and Pouzard49 have calculated 1T -. n•, N -. V excitation ener

gies while Kato et al. 50 have not only calculated the positions of N -. V 

transitions but have also calculated the positions of the N -. T excitations. 

Favani and Simonetta,51 Howe et aL,52 and Fueno and Yamaguchi53 have 

performed similar calculations on the dichloroethylenes. The results of 

these calculations will be listed in the tables of transitions for each 

molecule. 

m. EXPERIIIENTAL 

The apparatus used in this study is basically a new instrument, simi

lar to the Simpson-Kuyatt54•55 type electron-impact spectrometers used 
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previously in our group.2•3•56 The major difference between this instru

ment and our previous ones are 

a) introduction of differentially pumped electron optics, 

b) interchangeable target sources, i.e., static gas cell or effusive molec

ular beam sources, 

c) larger hemispherical analyzers, 

d) the monochromator and analyzer reside at 20° angles with respect to 

the horizontal plane. 

In brief, it consists of an electron monochromator, which can be rotated 

about the scattering center from -15° to +100° with respect to the elec

tron energy analyzer. The electron optical schematic is shown in figure 1. 

The heart of both the monochromator and analyzer systems are two 

identical 2.25" mean radius hemispherical sector electron energy 

analyzers . The electron optics themselves are based on the design used 

by Chutjian.57 The target in these experiments can consist of either a 

static gas cell or an effusive molecular beam. Electrons are emitted from 

a tungsten hairpin filament, focused onto the plane of the hemispherical 

analyzer, energy selected, and then focused onto the target. Scattered 

electrons are then focused onto a second hemispherical analyzer, once 

again energy analyzed, and then focused onto the front cone of a spiral

tron electron multiplier. The electron optical assemblies are enclosed in 

housings which are differentially pumped with respect to the main 

chamber. This keeps the sample gas from contaminating the electron 

optics . During operation the main chamber pressure range was from 

1-2x 1 o-5 torr with the pressure in the electron optic chambers varying 

from lx 10- 6 to 3x 10- 6 torr. Typical beam currents ranged fr om 1 to 20 

nanoamps as measured at the scattering center. 
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The output pulses from the electron multiplier are amplified and 

stored in the memory of an MSC 8001. Z80 based microcomputer. This 

microcomputer is set up to function as a programmable multichannel 

scaler which also provides a ramp voltage to sweep the electron optics. 

The resulting spectra may be plotted on an X-Y recorder and stored on 

floppy disk for transfer to a mainframe computer for further analysis. 

The typical resolution used in these studies was set to be between 60 

meV and 90 meV as measured by the FWHM of the elastically scattered 

signal. Higher resolution spectra were taken at resolutions of 30 meV to 

45 meV FWHM at 100 eV incident energy for comparison to optical results . 

The vinyl chloride used in this study was obtained from Matheson Gas 

Products and had a stated purity of 99%. The rest of the chlorinated 

ethylenes were obtained from the Aldrich Chemical Company and had 

stated purities of better than 97%. All samples were subjected to liquid 

nitrogen freeze-pump-thaw cycles and a vacuum distillation prior to use 

to provide some additional purification. 

IV. RESULTS AND DISCUSSIONS 

a} Vinyl Ol.loride 

The transitions observed in vinyl chloride are listed in table 1 along 

with our tentative assignments. In cases where two or more assignments 

are possible for one band, all are listed. 

The first observed transition (figure 2) occurs as a broad band 

extending from 3.4 eV to 5.2 eV with a maximum at 4.13 eV. The behavior 

of the differential cross section (DCS) of this transition as a function of 

angle (see figures 3,4) immediately reveals that this is a spin-forbidden 

type of excitation. We assign this transition as being the singlet -+ triplet, 

N -+ T transition corresponding to the 1T .... TT• excitation. The observed 
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position of the transition maximum agrees well with the values of 4.08 eV 

and 4.1 eV obtained by previous electron-impact58 and ion impact22 spec

troscopic studies, respectively. 

Extending from approximately 5.8 eV to 7.5 eV is a strong, broad 

band, as seen in Figure 5. Examination of a version of that figure with 

that energy region expanded a few fold reveals that the structure seen 

consists of some sharp and some diffuse features. Walsh 7 and Sood and 

Watanbe20 observed this band optically and found that the maximum of 

the band with diffuse structure occurred at 6.70 eV with a vibrational 

spacing of 0.17 eV which corresponds to the excited state C=C stretching 

frequency. The observed extent and diffuseness of this band was ascribed 

to a large geometry change in the excited state. Both of these groups 

assigned this band to the 7T ... 7T•, N ... V excitation. In our spectra we 

observe d iffuse shoulders at 6.61 eV and 6.77 eV which we assign toN ... V 

bands with the latter being the band maximum. The sharp structure on 

this band is most likely a 7T ... 3s Rydberg excitation with a vertical transi

tion energy of 6. 72 eV. The remainder of the vinyl chloride spectrum can 

be ascribed to a multitude of Rydberg series converging to various IF's, 

which are listed in table 1. The high resolution, low angle spectrum 

agrees well with the appearance of the spectrum published by Berry9 

even though he does not list any transition energies or assignments . 

Walsh8 studied the spectrum of vinyl chloride from 5 eV to 10 eV and 

observed two Rydberg series, 7T ... ns, 6 = 0.85 and 7T ... nd', 6 = .05 con

verging to an IP of 10.00 eV. Sood and Watanbe21 confirmed these series 

and assigned two additional series, 7T ... np, 6 = 0.58 and 7T ... nd, 6 = 0.13. 

At 7.82 a st:ructured band appears which Walsh assigned as belonging to 

an as yet unidentified Rydberg series . Sood and Watanbe also observed 
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this band and could not assign it to a particular Rydberg series. 

It has been shown by previous work59 on norboradiene that the inten

sity ratio of valence to Rydberg transitions changes as a function of 

incident electron energy. We measured similar ratios for these vinyl 

chloride ''Walsh" bands and found no significant change in the ratio of the 

intensities of these bands to those of known Rydberg transitions, over the 

range of 25 eV to 100 eV incident electron energies. This tends to confirm 

that these bands are predominantly Rydberg in character. There are 

several other unassigned transitions in the 7 eV to 10 eV energy region 

which also are probably Rydberg-type excitations. 

Reinke et al. 19 have studied the photoabsorption and photoionization 

of vinyl chloride in the region from 10 eV to 23 eV. They observed 3 Ryd

berg series converging to an IP of 11.65 eV with quantum defects of 

6 = 0.82, 0.48 and 0 .17. We observed these bands in our study and have 

assigned them to Cl 3p -+ nl type excitations as did Reinke. However, 

since Reinke only studied the spectral region of energy >10 eV, we feel 

that he did not observe the true origins of these series. In Table 2 we list 

our three series (which agree with his but include additional transitions 

below 10 eV) as well as three new Cl3p -+ nl series convergent to IP's of 

11.78 and 13.56 eV. Robin60 and Walsh7 have assigned the band at 8.48 eV 

as being a Cl3p -+ 4p "D" band with a term.value of approximately 3.2 eV. 

We believe that the additional Cl3p -+ 4p type transitions are located at 

9.52 eV and 9.62 eV with term values of 2.2 eV and 2.1 eV, respectively. 

These are lower than but closer to the "normal" term values of 2.5 eV 

reported for these types of transitions.60 Again we must emphasize that 

our assignments are based on the magnitude of the defects and that they 

are tentative. 
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b) 1,1- Dichloroethylene 

With the addition of a second chlorine atom, the spectrum becomes 

more complicated. The spectrum for Eo= lOOeV and f) = oa shown in 

figure 6 resembles that published by Berry.8 As in vinyl chloride, the first 

broad band at 3.75 eV is identified as the N-+T, 1T-+ TT• triplet excitation. 

The enhancement of this transition with respect to the allowed transi

tions seen in going from lOa to goa (figure 7) and the behavior of the DCS 

as a function of angle (figures 8,9) verify that this is a spin-forbidden type 

of excitation. The value of 3.75 eV obtained for the position of the max

imum of this band is somewhat lower than the value of 3 .9 eV which was 

obtained by ion scattering.22 

The N-+V, 1T-+ 1T• transition has its maximum at 6.42 eV and numerous 

shoulders superimposed on both sides of the band . Most of these have 

not been assigned but most likely represent various vibrational com

ponents of the N-+V transitions. The diffuseness and broadness of this 

band indicates a large geometry change with respect to the ground state. 

The remainder of the spectrum consists mainly of Rydberg excita

tions to the first five ionization potentials. Walsh et al. 17 identified a 

1T-+ ns(o = 0.95), two 1T-+ np(o = 0.56,0.52), and a 1T-+ nd(o = 0.18) Ryd

berg series converging to the first IP at 9.86 eV. Teegan and Walsh16 also 

noted that the spectrum between 5 eV and 10 eV could be divided into 

two types of bands. The "a" bands, as they refer to them, consist of 

groups of transitions which are sharp and have very definite vibrational 

patterns. The second type or "b" bands are more diffuse and do not exhi

bit any vibrational structure. The "a" bands were supposed by Walsh et 

a1. 17 to belong to the Rydberg series converging to the first IP while the 

"b" bands were surmised to belong to a series convergent to higher IF's. 
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Table 3 lists the components of both types of these bands which we have 

observed. 

Since the VUV work17 work only extended to 10 eV, the transition 

energies for 1,1 dichloroethylene above that value presented in Tables 3 

and 4 have not been previously measured. In 1,1-dichloroethylene there 

are four ionization potentials due to electrons from chlorine 3p lone 

pairs. One thus expects a nwnber of Rydberg series converging to these 

IP's. Indeed we do observe a nwnber of series convergent to the second, 

third and fourth IP's. In addition two members of a Cl3p-+ ns(o=0.98) 

Rydberg series converging to the fifth IP are identified. The assignments 

again are based on the magnitude of the defect and are tentative. 

c) C'i.s- dichloroethylene 

The high energy, low angle electron energy-loss spectrum (figure 10) 

of cis-dichloroethylene agrees quite well with Berry's8 work. As expected 

the first observed band maximum at 3.94 eV corresponds to the N-+ T, 

1T -+ 1r• triplet excitation. This assignment is supported by the angular 

behavior of the DCS for this transition (figures 11-13) . 

The first optically allowed transition is observed as a broad band 

extending from approximately 5.4 eV to 7.2 eV. The maximum of this 

band, which we assign as the 1T -+ 1r•, N -+ V singlet transition, occurs at 

6.60 eV. Again, as in the other chloroethylenes, numerous shoulders are 

observed on this band. Most of this structure is diffuse and is most likely 

associated with various vibrational components of the N -+ V transition. 

We have assigned some of these shoulders to 1T-+ 3s Rydberg transitions. 

The apparent diffuseness of this Rydberg excitation is in agreement with 

the observations of Robin.60 
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As in all the chloroethylenes, the remainder of the observed spec

trum is almost exclusively due to Rydberg type excitations convergent 

upon the various IP's of the molecule . Walsh et aL7
•
18 have identified a 

7T-+ ns and a Tr-+ ns Rydberg series from 6=0.95 and 6=0.09 respectively. 

Walsh and Warsop18 have also postulated the existence of an -+ np series 

which we have confirmed with an observed defect of c5=0.54 converging to 

an IP of 9.65 eV. We did not confirm the two Rydberg series, 6=0.05 and 

6=0.01 , observed by Mahncke and Noyes26 in their study. 

The observed transition energies along with our tentative assign

ments are listed in table 5. Table 6 consists of a compilation of the 

observed Cl3p-nl Rydberg series converging to the second and third IPs . 

In addition to the aforementioned Rydberg series are two bands, one at 

12.8 eV and the other a\ 13.5 eV which we tentatively assign to u -+ n•

type transitions. 

d) Trans- dichloroethylene 

Interpretation of the spectra of trans-dichloroethylene is more 

difficult than that of the other members of this series. Walsh 7 has noted 

that on the whole the optical spectrum was far more diffuse than that of 

the other chloroethylenes. The results of our work are compiled in Table 

8 along with our tentative spectral assignments. The 100 eV, 0° spectrum 

is shown in figure 14. 

In our studies the 1T -+ n•, N -+ T triplet transition occurs as a broad 

band ranging from 2.9 eV to 4.8 eV with the vertical maximum at 3.84 eV. 

This assignment is again confirmed by the angular behavior of the DCS for 

this excitation (Figures 15-17). From 5.5 eV to 7 eVa broad band appears 

with a large number of diffuse shoulders. This we assign to the 

N -+ V, n -+ n• singlet excitation and is the first optically allowed 
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transition in the spectrum of this compound. The shoulders on both sides 

of t.he 6 .36 eV maximum of this band most likely are vibrational com

ponents of either theN -+ V transition or of the Tr -+ 3s Rydberg transition, 

which is assigned to the shoulder appearing at 6.40 eV. 

The remainder of the spectrum of this compound is mainly Rydberg 

in nature. Walsh and Warsop14 studied the band extending from approxi

mately 8. 1 eV to 8.6 eV in detail and assigned it as belonging to either a 

Tr-+ ns- or Tr-+ nd-type Rydberg series. Earlier Walsh7 assigned a number 

of bands to a series (o=0.72) converging to an IP of 9.91 eV, which is about 

0.3 eV t.oo high. Goto15 and Mahncke and Noyes26 did not assign any Ryd

berg series in their studies of this molecule. 

In this study we have tentatively assigned various transitions to three 

Rydberg series, Tr-+ ns , o = 0.93, Tr -+ np, o = 0.69, and Tr -+ np', o = 0.43. 

In trans-dichloroethylene the Tr -+ np transitions are forbidden by sym

metry selection rules. However , using the fact that the ratios of 

symmetry-forbidden transitions to fully allowed ones change as a func

tion of incident energy and scattering angle,3 we can use variable angle 

electron impact spectroscopy to locate and assign these transitions. Fig

ure 18 shows the electron energy-loss spectra taken at several incident. 

energies and angles in the energy-loss region of 7 eV to 9 eV. One can see 

from observing the relative intensities of the peaks indicated by the vert

ical arrows that as the incident electron energy is lowered or the scatter

ing angle increased these transitions are enhanced with respect to the 

other peaks, which correspond to fully allowed transitions. Judging by 

the apparently different amounts of enhancement of these symmetry

forbidden peaks to the optically allowed one occurring at 8 .55 eV, they 

seem to form two distinct band systems. In both of Walsh's7 ·14 studies 



-59-

only a very diffuse, continuous absorption was observed in this region. 

Goto 15 did observe several very weak, diffuse bands which most likely 

were due to these forbidden transitions. Additional forbidden type bands 

occur at 8.55, 8.72 and 8.82 eV. These we assign to higher members of the 

Rydberg series whose n=3 members appear in the 7 eV to 8 eV energy

loss region. In figure 19 we now look at the 9 eV to 11 eV energy-loss 

region. Again we can see enhanced transitions at 9 .15, 9 .63, 10.58 and 

10.79 eV (indicated by arrows) with respect to the optically allowed one at 

9.27 eV as the scattering angle is increased from oo to 10°. The band at 

9. 15 eV is again assigned as being a higher member of one of the previ

ously mentioned Rydberg series. The band at 9 .63 eV and the overall 

enhancement of the 9.5 to 9.8 eV region with respect to the 9.27 eV peak 

is probably due to the congestion caused by the large number of Rydberg 

transitions which converge to the first IP. 

The remaining bands at 10.58 eV and 10.79 eV lie above the first IP 

and are surely due to forbidden Cl3p --. nl type transitions. As in the 

other chloroethylenes, these excitations dominate the spectrum above 

the first IP. The observed Cl3p-nl Rydberg series are summarized in Table 

9 . 

Using the symmetry arguments of Read and Whiterod61 one expects 

that there will be no p-type Rydberg series converging to the third IP of 

this molecule. In our studies, a strong band appears at 9 .27 eV which 

Robin60 has assigned to Cl3p --. 4p, "D" band type transition. This implies 

that either this assignment is incorrect or that the chlorine lone pair 

orbital, from which the excitation originates, is somehow causing the 

symmetry constraints to be relaxed. Such apparent violations of sym

metry selection rules are also observed in the Br4p -+ nl Rydberg series 
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in the optical spectra of cis- and trans-dibromoethylene62
•63 and may be 

due to a breakdown in the o -+ l correspondence . 

In addition to the Cl3p -+ nl excitations, there occur two bands, one 

at 10.68 eV and one at 15.5 eV, which we have tentatively assigned to 

uc-el -+ 3s and uc-H -+ TT* transitions respectively. 

e) Trichloroethylene 

With the addition of the third chlorine substituent the spectrum 

becomes substantially more complex (figure 20). As expected, the first 

transition is assigned to the 1T -+ 1T*, N -+ T, singlet -+ triplet excitation. 

This is born out by the angular behavior of the DCS (Figures 21-23) . This 

transition occurs as a broad band, extending between 3.0 eV and 4.7 eV, 

with a maximum at 3.70 eV. 

The first optically allowed transition occurs between 5.2 eV and 7 .0 

eV. This transition is broad and has a maximum at 6.33 eV. It also has a 

large number of superimposed diffuse shoulders, following the pattem 

observed in the other chloroethylenes. Again, these are most likely due 

to vibrational components of the N -+ V transition. Some of these should

ers have been assigned to the 1T-+ 3s Rydberg transition. As mentioned in 

the previous section, Robin60 has noted that the 1T -+ 3s transitions in the 

chloroethylenes are usually quite diffuse. The possibility that some of the 

diffuse structure and shoulders seen on the N -+ V band are due to under

lying transitions originating from u or n type orbitals cannot be ignored. 

The region between 7 .3 and 8.6 eV has been studied in detail by Walsh 

et a1?· 13 He assigned the 1686 A band as coming from three distinct 

1T -+ 3p Rydberg transitions. The quantum defects for these transitions 

are 6=0.45, 0.42 and 0.38. The 1553 A transition was assigned to either a 

1T -+ ns- or 1T -+ nd-type of Rydberg transition. We assign this band to the 



1T --. 4s transition with a defect of o=O. 98. 

No detailed optical spectroscopic studies have been performed above 

8.5 eV. This is the region in which one expects the "D" band Cl3p --. 4p 

transitions to dominate. We have assigned as "D" bands those occurring 

at 8 .94 eV, 9.2? eV, 9.62 eV, 9.82 eV, 9.90 eV, and 11.35 eV which corre

lated well with the second through seventh IP's of this molecule. The 

region of the spectrum beyond the first IP has a large amount of diffuse 

structure, which is mostly due to Rydberg series converging to the 

chlorine lone pair IP's . The series we have identified in this work are 

listed in table 10. 

f) Tetrachloroethylene 

Tetrachloroethylene has been studied more than any other member 

of this series. The first band observed in this work appears as a broad, 

diffuse band extending from 2.6 eV to 4.5 eV with a maximum at 3.54 eV 

(figure 24). This transition is assigned to the 1T--. 1r•, N--. T excitation, and 

again this assignment is confirmed by the behavior of the DCS as a func

tion of angle (figures 25,26). The value of 3 .54 eV for the maximum is sub

stantially lower than the value of 4.2 eV obtained for this transition using 

ion scattering.22 The Eo= 100eV 8 = oo spectrum from 5 eV to 10 eV 

energy-loss (figures 27) resembles closely the published optical spectra 

in this energy range?·6·11·12 The most prominent feature is again the 

1T--. 1r• N--. V excitation occurring between 4 .7 and 7.2 eV with the max

imum at 6.22 eV. Tetrachloroethylene is different from the other 

members of this series in that there is a large amount of vibrational 

structure which is discernible on this band. In particular, one can follow 

the C=C stretch on both sides of the band. Tetrachlorethylene also has a 

strong n=3 member of a 1r--. ns Rydberg series (o = 0.91) superimposed 
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on the short wavelength side of the N ... V feature. This feature was 

analyzed in detail by Dauber and Brith10 who examined the N ... V transi

tion in the gas phase, solid phase, and in rare gas matrices. Their work 

also confirmed the presence of a second valence transition at 7.69 eV 

which was assigned to an n ... 1r• type transition. 

The remainder of the spectrum consists of Rydberg series converging 

on the various IP 's . Since tetrachloroethylene is a centro-symmetric 

molecule all 7T ... np Rydberg series convergent on the first IP are forbid

den by symmetry selection rules . Figure 28 compares the electron 

E0 = lOOeV energy-loss spectra between 7 and 9 eV at oo scattering angle, 

where one expects optical selection rules to hold, with that at 10° scatter

ing angle where symmetry-forbidden transitions are expected to show 

enhancement with respect to fully allowed excitations.65 One does 

observe excitations showing such behavior, as indicated by the arrows in 

that figure . Most of these bands can be assigned to the n=3 and n=4 

members of a 7T ... np Rydberg series (<5=0.49) converging to the first IP. 

Such symmetry forbidden behavior was also observed in higher energy

loss regions as a changing background but was not clear enough to per

mit analysis. 

At energy losses above 9.5 eV the spectrum consists almost 

exclusively of Cl3p ... nl type transitions . Several prominent "D" band 

Cl3p-. 4p-type transitions were observed converging and a number of 

Rydberg series assigned (table 12). Cl3p ... 4p transitions were also 

observed to several IF's where, by symmetry, they should have been for

bidden. This behavior was also noted in trans-dichloroethylene. These 

transitions may become more allowed through electronic or vibronic cou

pling involving the Cl lone pair states in these molecules. Such vibronic 
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coupling has been invoked by Potts et al.47 in their study of this region in 

the tetrachloroethylene photoelectron spectrum. It is possible that this 

may be occurring with other members of this series of compounds. 

V. PHOTOCHEMISTRY 

The chloroethylenes have an interesting and varied photochemical 

behavior. The photoreactions of these compounds can be classified into 

three major types: C-Cl bond scission with subsequent radical formation, 

HCl elimination, and cis-trans isomerization. The type of reaction which 

is most probable in these systems depends both on the number of 

chlorine substituents and on the specific electronic state excited. 

The cis-trans photoisomeriza lion reaction of the 1,2-

dichloroethylenes has been studied by a number of methods. Olson and 

Marone/5 studied photolyzed compounds with light of 'A> 2643 A (4.7 

eV). Grabowski and Bylino66 studied this same reaction in high pressures 

of added oxygen67 and noted absorption in the 3 to 4 eV energy range . 

Photosensitized isomerization reactions of the 1,2-dichloroethylenes with 

S02(3B1) ,
68 benzaldehyde,69 and 2-butene70 have also been studied. These 

reactions are believed to occur through triplet-triplet energy transfer 

and the results are consistent with the location of the triplet states in the 

1,2-dichloroethylenes. The quenching of triplet ketones by 

chloroethylenes has also been studied72 and is again consistent with the 

known locations of the triplet states. 

Irradiation of the chloroethylenes with UV light ('A < 2400 A) results 

in a large amount of HCl elimination. This HCl is vibrationally "hot" and 

has been utilized as the lasing species in a photodissociation chemical 

laser system.72-76 The photolysis of vinyl chloride has been studied using 
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direct irradiation77
•
78 and Hg 6(3P1) sensitization.79 Fujimoto et al.77 

concluded that one excited state was responsible for both the radical 

reactions and the HCl elimination they observed. They also concluded 

that the Hg 6(3P 1) photosensitized reaction results were identical with 

theirs and thus the same excited states were involved in both cases. 

Ausloss et al.78 studied the photochemistry of vinyl chloride in the far UV 

(hv > 10 eV) and concluded that a substantial amount of the reactions 

observed occurred through the ions formed by this irradiation. M. H. J. 

Wignen and co-workers,8o-83 have concluded from their studies of the 

dichloroethylenes that two stales are involved in the photochemistry of 

these compounds. Warren et al. 84 and Tyerman85 indicate that then-+ u• 

state may be involved in both its singlet and triplet forms although the 

initial excitation in the above reaction is undoubtedly the N -+ V, 1r -+ 1r• 

excitation. Walsh6 noted that the spectrum in this region seemed quite 

diffuse and predissociative, and it is not unreasonable to assume that 

some crossing into a N -+ u• state is occurring. This state was not directly 

identified in our spectra but may be the cause of some of the long 

wavelength shoulders of the N -+ V band. Certainly more study of the pho

tochemistry of these compounds is needed. 

VI. DISCUSSION OF TRENDS IN THE TRANSITION ENERGIES 

In a previous publication, we offered a tentative explanation of the 

transition energy shifts in the N -+ T and N -+ V transitions of the 

chloroethylenes.86 At this point we will look at the trends observed in the 

N -+ T, N -+ V, and 1r-+ 3s transition energies (see table 13) not only as a 

function of the number of substituents but also as a function of the type 

of substituent. To be specific, we will compare the effects of chloro, 

fl.uoro, and methyl substitution on ethylene as compared to ethylene 
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itself. We will also speculate on the cause of the observed effects. 

In figures 25-31 we plot the shift in transition energies (with respect 

to ethylene) as a function of the number of substitutions, for the N ~ T, 

N ~ V and TT ~ 3s transition respectively. One sees from these figures 

that the transition energy shifts for the N ~ T transition are typically 

one-third to one-half as great in magnitude as those for the N ~ V and 

1T ~ 3s transitions. One can also see, from figure 29, that the shift is a 

linear function of the number of substituents for methyl substitution, and 

is successively less linear for chloro and ftuoro substitution. The rela

tively low sensitivity of the N ~ T transitions to Cl atom substitution indi

cates that the substituent effects on the TT* triplet state are nearly the 

same as their effect on the ground state. Calculation by Dunning et al.87 

on ethylene showed that the electron spatial distribution in the T state 

was very similar to that of the N ground state. Assuming, in addition, 

that the a-TT separation approximation88, so often used in calculating 

properties of excited olefins is valid, one can rationalize this low substi

tuent sensitivity. 

There are two main mechanisms of interaction with the substituent. 

The first are delocalization effects which in general are stabilizing and the 

second are repulsive effects which are usually destabilizing. The varia

tions of the transition energy shifts with substituents (figure 29) show 

that the interaction of methyl groups with the T state is very slight while 

that of chloro and ftuoro groups is much stronger. Thus for methyl 

groups these two effects would seem to nearly balance one another with 

delocalization over the CH3 p orbitals becoming relatively larger with 

increasing substitution. This is also demonstrated by the minor (0.03 eV) 

variation for the shifts of the di-substituted isomers with respect to each 
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other. 

With chlorine, the 3p lone pairs in the plane of the 1T bond can have a 

significant effect on the T state. This is pointed out by the steep slope of 

the N -+ T transition energy shift with increasing substitution. The varia

tion among the di-substituted isomers is much greater (0.19 eV) than 

with the methyl groups. Interestingly enough, the 1,1 isomer seems to 

show the greatest relative stabilization in the T state. From the analysis 

of the vibrational structure of some of the Rydberg excitations, Walsh and 

co-workers11
•
13

·
14

•
17

•
18 have concluded that removal of the 1T electron 

results in a strengthening of the C-CI bond with a consequent increase in 

the C-CI stretching frequency and a decrease in the C-C-CI bond angle. 

This opening of the Cl-C-Cl bond angle may provide enough relief for the 

Cl-Cl repulsion to the point where the system is stabilized below the cis 

and trans isomers. These observations have been theoretically studied by 

Coulson and Luz.89 They argued that removal of a 1T electron in ionization 

results in a slight positive change on the carbon atoms which in turn 

polarizes the substituent, pulling its electrons closer. This may also 

occur on excitation to the n• state. The slight withdrawal of electron 

density from the Cl may allow the n• orbital to be delocalized over the Cl 

to a greater extent. Possible resonance-type interactions of the two 

chlorines through the common carbon may also contribute to the stabili

zation of this state. It may be that the lack of such an interaction and 

the decrease of the C-C-Cl angle will increase the repulsion in the triplet 

states of cis and trans dichloroethylene in a manner that does not allow 

them to stabilize to the same extent. If the T state geometry has the end 

groups perpendicular to each other one would expect these two isomers 

to share a common triplet state . This assumption is born out by the pho-
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tochemical isomerization reactions.25
•
66 Since it is expected that the 

trans isomer would be the more stable one in the ground state, due to the 

lack of Cl-Cl repulsion, it should have a higher transition energy. How

ever, this is not what is observed. The cis and trans forms are equally 

stable to within ±.086 eV in the ground states as shown by thermo

dynamic data90 and the adiabatic ionization potentials27 which are the 

same to within ± .02 eV. The fact that the cis isomer has the larger tran

sit ion energy indicates that the difference may be almost entirely due to 

the Franck-Condon factors for the transitions. 

With fluorine substitution one sees a slight increase in the N -+ T tran

sition energy with increasing substitution. This may be due to the 

predominance of the repulsive over the delocalization effects. Fluorine is 

a much "harder" substituent with a lower polarizability than chlorine or 

methyl, and this type of behavior is therefore expected. In the di

substituted isomer, the 1,1 isomer's transition energy is now substan

tially higher than for either the cis or trans isomer and the spread among 

the transition energy shifts is much larger (0.45 eV) than for the 

corresponding chloroethylenes. The 1.1 isomer's apparent destabiliza

tion may be explained in part by looking at the first band of the pho

toelectron spectra. Lake and Thompson27 have analyzed this band for 

tetrafiuoroethylene and found that the C-F vibrational frequency 

decreases over that of the neutral molecule. This indicates that removal 

of the n electron weakens the C-F bond, thus destabilizing the system. 

One can also possibly say that resonance interactions of the F-C-F type 

will be substantially reduced over those of the corresponding 

chloroethylenes since the F 2p lone pairs will not conjugate with the p 

orbital on the carbon atom as well as with the Cl 3p lone pairs. The 
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difference in the cis and trans isomer transition energies is again most 

likely due to Franck-Condon effects since the adiabatic ionization poten

tials differ by only about 0.1 eV.f/2. The general increase in repulsive over 

delocalization effects is noted as a slight rise in the transition energies on 

going from mono- to tetra-substitution. 

Characterizing the trends of the N -+ V transitions is at best a 

difficult task. The general trends are very similar but the magnitudes of 

the energy shifts are a factor of 2 to 3 greater than the N -+ T transition 

energy shifts. If one can again assume that the shifts are in part due to 

repulsive and delocalization interactions. one would expect these shifts to 

be larger than those for the N-+ T transition since calculations for 

ethylene show the N -+ V to have a larger spatial distribution than the 

N -+ T state.87 Consequently, one expects that this state would tend to 

"feel" the substituents to a greater degree than the N -+ T states. This is 

indeed what one observes, but this picture is clouded by the occurrence 

of Rydberg-valence mixing. This effect has been shown to be important in 

describing the V state in ethylene in theoretical studies of that system.92 

The amount of mixing depends on the symmetry of the mixing states, 

presence of vibronic coupling, and the energy separation of these states , 

and should affect the intensity and positions of the observed N -+ V transi

tions. This effect would tend to mask some of the trends evident in the 

N -+ T transition. Nevertheless from figure 30 one can see that the order 

of the stabilization, Cl > CH3 > F. is the same as that observed for the 

N -+ T transition. The slopes of the transition energy shifts are now 

markedly non-linear when compared to the N -+ T shifts. The biggest 

change seems to occur with the initial substitution while additional sub

stituents change the transition energy less. One anomaly is the large 
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jump in the transition energy on going from tri- to tetrafiuoroethylene. 

Salahub94•95 has suggested that the jump is due to the replacement of low 

energy C-H u orbital configurations by higher energy C-F u orbital 

configurations. However, this does not entirely account for the large 

observed shift. Mulliken96 has pointed out the importance of U-'TT mixing 

in describing the V state of ethylene. This may account for the 

remainder of the observed shift. Such a model repudiates the validity of 

the u-rr separation approximation88 for the V state for the substituted 

ethylenes. Burrow, Jordan and co-workers97-99 have studied trends in the 

electron affinities (EA's) of the fiuoro-, methyl- and chloro-substituted 

ethylenes. Jordan100 has used the expression 

c..l('TT-+ rr•) = IP- EA- (coulomb+ exchange terms)+ 

(residual correlation and reorganization terms) 

where '"' and EA are the vertical excitation energy and the electron 

affinity, respectively, to suggest that one may find a simple relationship 

between the TT .... 1T• transition energies and the quantity IP-EA. This has 

been done for methyl97 and fiuoro98 substituted ethylenes and it was 

found that the 1T-+ rr•, N-+ T transitions when plotted versus the IP-EA 

were reasonably linear. When one plots the TT -+ 1T• N-+ T transition ener

gies from this study versus the quantity IP-EA using Burrow's et al.99 EA's 

one also observes a linear variation with chlorine substitution. This 

agrees with our observations on the transition energy trends themselves. 

However, when one plots the 1T -+ 1T•, N -+ V transition energies versus the 

quantity IP-EA the trends are definitely non-linear.99·100 This was 

explained as being due to 1T-+ 1T•, 1T~ configuration mixing100 in the 

assymetrically (mono-, 1,1- and tri-) substituted compounds which contri

butes to an additional lowering of transition energies in these molecues. 
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Mixing since no mixing of this type can not occur in the symmetrically 

substituted species. However, this trend does not seem to hold equally 

well for chloro- substitution as seen in figure 32, thus indicating that 

other processes or types of mixing may be becoming important in the 

chloro-ethylenes. 

In the 1T -+ 3s state the picture becomes even less clear. The 1T -+ 3s 

transition may be contrasted with the N -+ V and N -+ T ones since the 

former is considered an extravalence transition while the latter are intra

valence transitions. State mixing must also be considered a very definite 

possibility in this transition. One would also suspect that due to the spa

tial diffuseness of the 3s Rydberg orbital, the transition energies will not 

be as affected by substituents as are the valence transitions. This seems 

to be born out by the measured transition energy shifts (figure 31). In 

the case of this transition the stabilization order has changed to 

CH3 > Cl > F. The chloro and :ftuoro-ethylenes display the same general 

trend while transition energy shifts for the methyl substituted ethylenes 

have a much more linear behavior. No detailed explanation of the 

observed trends can be offered at this time although the ones for the TT-3s 

transition generally follow, as expected, the trends in the first IP's of 

these compounds. 

One would, on the basis of these N-+ T and N-+ V energy shift trends, 

like to develop the capability for making reasonably accurate predictions 

concerning the spectroscopy of the substituted ethylenes based solely on 

the properties of the substituent. We will choose as an example bromine. 

This atom is very similar to chlorine in that it has 4p lone pairs which can 

interact with the 1r• states much the same as the chlorine 3p lone pairs. 

One would expect this interaction to be slightly greater in bromine than 
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in chlorine due to the larger spatial diffuseness of the 4p lone pair orbi

tals. The N ~ T transitions of vinyl bromide and a mixture of cis and 

trans dibromoethylene have been measured101 and found to be approxi

mately 4 .0 eV and 3.8 eV, respectively. Both these values are slightly 

lower than the corresponding chloroethylene values and seem to follow a 

similar trend. The N ~ V transitions have been measured at approxi

mately 6.4 eV for vinyl bromide and at 5.93 ev63 and 6.22 ev62 for cis and 

trans-dibromoethylene, respectively. These are shifted to the red by 

about 0.2 eV with respect to the corresponding chloroethylenes and also 

seem to follow the general trend of the chloroethylenes. 

VII. SU1lMARY AND CONCLUSIONS 

These are the first electron energy loss spectroscopic studies of the 

chloroethylenes reported so far . We have located the maxima and 

observed the band shapes for the 1T ~ 1r•, N ~ T transitions in all six of 

these molecules. In addition several symmetry-forbidden, 1T -+ np Ryd

berg transitions were identified in trans-dichloroethylene and tetra

chloroethylene. A large number of transitions lying above the first IP's of 

these molecules were observed, most of them for the first time, and ten

tatively assigned to Cl3p ~ nl -type Rydberg series . We have also looked 

at the trends observed in the transition energies as a function of both the 

number of H atoms substituted and the nature of the substituent. The 

following conclusions can be drawn based on our observations. 

a) The substituent effects on the N ~ T transition energy can be 

interpreted in terms of the interaction of the substituents with 

the 1r•,T state. 
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b) A similar interpretation for the N -+ V transitions is obscured by 

the presence of valence-Rydberg and other mixing effects in the 

1r•.v state. 

c) Effects attributable to deviations from the u-Tr separation 

approximation seem to be present for both the T and the V 

states. 

Our study suggests some future work which would help clarify the 

spectroscopy of these compounds. First, the need for high quality a.b mi

tio calculations in this area is great. Such calculations might help sort 

out substituent effects from mixing effects in the V and 3s states. Calcu

lations concerning high-lying Rydberg states would also be helpful. 

Second, there is need for studies of the condensed phase optical spec

troscopy of these compounds in the 5 to 10 eV transition energy region. 

In most cases, the valence transitions in these compounds are broad and 

relatively structureless. Usually only the N -+ V and N -+ T transitions have 

been positively identified. Many n -+ 1r• and n -+ u• states are predicted to 

exist in this energy region but have not been observed due to strongly 

overlapping Rydberg absorptions . Condensed phase work would suppress 

or eliminate11 Rydberg absorptions and possibly allow the valence states 

to be detected and studied. Third, high resolution optical studies at 

energies >9 eV would be useful. This would help with the assigrunents of 

the Cl3p -+ nl Rydberg series. Finally, one would like to see more com

plete studies of substituted ethylenes to provide a larger data base for 

comparing trends and making predictions, in particular, the bromo and 

iodo ethylenes and substituents other than halogens such as -C=N, and 

-OCH3• should be investigated. Studies of mixed substituents would in 

addition provide information concerning substituent-substituent interac-
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tions. 
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Table 1. Electronic transition energies in Vinyl chloride (eV) 

Assignment 

1T -+ 1r•, N -+ V (vert) 

' 'Walsh" 

''Walsh" + v 1 

' 'Walsh" + 2vl 

Cl3p -+ 4p2 

1T -+ 4s1 

Present Results 

4 .13 (3.4-5.1)a 

6.61 she 

6.72 

6.77 she 

6.84 

6.88 

6 .99 

7 .22 

7 .36 she 

7.64 

7.82 

7.95 

7.99 

8. 16 

8.34 

8.52 

8.59 

8.64 

8.73 

8.77 

8.85 

8.96 

9.02 

9. 15 

Previous Work 

4.0b,4.08c,4.17d 

6.72r,6.72g 

6 b f .9 • 6.68 h . . 
6.74g, 6.23 . 6.651

, 6.7oJ 

6.83c 

6.89g 

7.23g,7.28j 

7.63g, 7.61j 

7.8lc, 7.8zg.j 

7.95g 

7. 97c ,8. oog. 7. 99j 

8.13c, 8 . 1~. 8.16j 

8.33g, 8.3zi 

8.53c, 8.48g,8.49j 

8.58g, 8.57j 

8.63g, 8.67j 

8 .73g,j 

8.75g 

8.84g 

8.99g 

9.02g 

9.12c, 9.13g,j 
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Assignment Present Results Previous Work 

9 .26 9 .25c , 9 .24g 

7T -+ 5pl 9 .3i she 9 .31g 

9 .38 9 .38c, 9.36g 

7T -+ 5dl• 7T .... 5dl' 9.43 she 9.45g,9.43g, 9.44j 

Cl3p -+ 4pz" , 7T-+ 6s 1 9 .52 she 9.49g,j 

7T -+ 6pl 9 .55 she 9 .54g 

7T -+ 6d1, 7T -+ 6d 1', Cl3p -+ 4d2 9 .62 9 .61g,j 

7T -+ ?pl. 7T -+ 7sl 9 .68 9 .67g,9.65j 

7T .... ?dl, 7T .... ?dl ' 9 .73 9.72g,j 

7T -+ 9s1 9 .80 9 .80g,j 

7T -+ 8dl 9.83 9 .83g,j 

7T -+ 11dl 9 .87 9 .88j 

9 .92 

Cl3p -+ 4d2' 10.06 10.06c 

10.17 10.19c 

IP1 10.18( 10 .00)1•m 
1 0.2( 10. O)n, 

Cl3p-+ 5p2 10.23 

Cl3p -+ 5z' 10.30 10.31 c,10.28° 

10.37 she 

10.43 10.42c 

Cl3p -+ 5d2 10.58 10.54c,o 

Cl3p -+ 5pz" 10.62 she 

Cl3p-+ 5d2' 10.75 10.77c, 10.72° 

Cl3p -+ 6p2, Cl3p -+ 6p2 ' 10.88 10.88c,10.86° 

Cl3p -+ 6dz 11.00 10.98° 
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Assignment Present Results Previous Work 

Cl3p -+ 6d2', Cl3p -+ 6p2" 11 .08 11.05° 

Cl3p -+ 7p2' 11.15 11.15° 

Cl3p -+ 7d '2 , Cl3p -+ 7p2" 11.24 11 .25° 

Cl3p -+ 8p2' 11.30 11.29° 

Cl3p -+ 9p2' 11 .39 

Cl3p -+ 4p4 11.46 

11 .53 11.55c 

11 .60 

11.67 

IP2 11.72m, 11.7n 

Cl3p -+ 5p4 12.5 

Cl3p -+ 6p4 12.9 12.87c 

IP3 13.14m, 13.2n 

IP4 13.56m, 13.6n 

14.8 

a Uncertainty ±.05 eV for this band, ±.02 for all othe r band" Extent of 
Franck-Condon envelope indicated by numbers in parentheses. 

b 

c 

d 

e 

f 

Ref. 22. 

Ref . 58. 

Ref. 50. 

shoulder 

Subscript denotes IP to which Rydberg series is converging; i .e., 1 = 
first IP, 2 = second IP, etc. 



g 

h 

k 

m 

n 

0 

Ref. 20. 

Ref. 48. 

Ref. 49. 

Ref. 7. 
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For definitions of vibrational modes see ref. 21. 

Vertical IP (adiabatic in parentheses) . 

Ref. 27. 

Ref. 28. 

Ref. 20. 
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Table 2. Electronic Transition Energies in V~l Chloride 
for the Cl3p -+ nl Rydberg Series (e 

l n observed calculated 

p 4 8 .52 8.42 
5 10 .23 10.24 
6 10.88 10.88 

00 = 11.72 6 = 1.97 

p' 4 8.85 8 .84 
5 10.30 10.32 
6 10.88 10.88 
7 11.15 11.15 
8 11 .30 11.30 
9 11 .39 11.39 

00 = 11.65 6 = 1.80 

p" 4 9 .52 9 .51 
5 10.62 10.60 
6 11 .08 11.04 
7 11.24 11.27 

00 = 11.72 6 = 1.52 

d 4 9 .62 9.61 
5 10.58 10.59 
6 11 .00 11.00 

00 = 11.65 6 = 1.42 

d' 4 10.06 10.00 
5 10.75 10.74 
6 11 .08 11.08 
7 11 .24 11.26 

oo=11.65 6 = 1.13 

p 4 11.46 11.48 
5 12.5 12.49 
6 12.9 12.91 

00 = 13.56 6 = 1.44 
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Table 3. Electronic Transition Energies in 1.1 - Dichloroethylene (eV) 

Assignment Present Results Previous Work 

1r-+ 1r•, N-+T 3.75 (3.2-5.1)8 3.9b, 3.95c 

6 .02 shd 

1r-+ 1r•, N-+V 6.42 6. 9b g 6.44~. 6.46~. 
5.92 '6.6 ' 6.491 

6.42e 

6.47 

6 .51 

6 .54 shd 

6 .57 shd 

1T -+ 3s 1j 6 .65 shd 

1r -+ 3s1 + v2 
k 6 .77 shd 

1T -+ 3sl + Vz + v4 6 .86 shd 

1r -+ 3s 1 + 2v2 6 .97 

7 .01 

1T -+ 3s1 + 2v8 + v 4 7.05 

1r -+ 3s 1 + 3v2 7. 13 shd 

7.28 shd 

7.35 shd 

1T ... 3p l + l/4 7.56 7 .59e 

1T -+ 3pl + Vz 7 .65 7.66e 

1r-+ 3pl + Vz + v4 7 .72 7.75e 

1r -+ 3p 1 + 2112 7 .82 7.83e 

1r-+ 3p 1 + 2112 + 114 7 .89 7.91 e 

1r -+ 3p 1 + 311z, rr -+ 3p1' + 114 7 .96 7.94e,7.99e 

1r-+ 3p1 + 3112 + 114 8 .06 8.07e 
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Assigrunen t Present Results Previous Work 

rr -+ 3d1 + v4 , rr -. 3p 1' + 2vz 8.20 8.18e,8.22 

rr-. 3p 1' + 2vz + v2 8.25 shd 

rr -. 3d 1 + v2 + v4 8.36 8.38e 8.36 

rr -. 3d1 + 2vz, rr -+ 4s 1 + v4 8.45 8.47e 

rr -+ 3d 1 + 2v2 + v4 , rr -+ 4s1 + Liz 8.53 8.55e 

8 .80 

rr -+ 3d 1 + 3v2 , rr -+ 4s1 + Liz + v4 8. 67 shd 8.63e,8.64e,f 

1T ..... 4p l + L/4 8 .76 

rr -. 4p 1 + Liz, Cl3p -. 4s3 8.84 

1T -+ 4dl 8.93 8. 93e.f 

rr -+ 4p 1 + 2v2 , rr -. 4d 1 + v4 8.99 8.96e. 8 .98e 

rr -+ 4d 1 + vz, Cl3p -. 4 p3' 9.08 9.09e 

rr -+ 5p 1, Cl3p -+ 4pz 9.22 9.19e.r. 9.24 

rr -+ 4d1 + 2vz + v4 , rr + 6p 1 9.36 shd 9.33e 

1T -+ 6d l 9 .47 

1T ..... 7dl 9.58 

Cl3p -+ 4p3 9.67 shd 9.69e, 9.66f 

9 .75 

9.82 shd 

Cl3p -+ 4p4 9.96 10.0 1 e 

Cl3p ..... 4dz 9.99 

IP1 10.00(9.83)1·m, 10.00(9.83)n 

Cl3p ..... 4d3 10.30 shd 

a(C- Cl), 3bz-. 3s5 10.36 shd 
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Assignment Present Results Previous Work 

10.39 

10.43 

Cl3p -+ 5p2 10.51 

10.59 

Cl3p -+ 5s3 10.68 

Cl3p -+ 5d2 10.75 

Cl3p -+ 5p3' 10.79 

10.85 shd 

Cl3p -+ 6p2 , Cl3p -+ 5p3 10.96 

11.05 shd 

Cl3p -+ 4p5 , Cl3p -+ 6d2 11.10 

Cl3p -+ 7p2 , Cl3p -+ 5d3 11 .20 

Cl3p -+ 6s3, Cl3p -+ 5p4 11.31 

Cl3p -+ 6p3 11.37 

Cl3p -+ 6p3 11.45 

Cl3p -+ 6d3 11.55 

Cl3p -+ 7s3 11 .63 

Cl3p -+ 7p3 11.68 

IP2 11.67(11.46)m, 11.7n 

Cl3p -+ ?d3 11 .75 

Cl3p -+ 8s3, Cl3p -+ 6p4 11.80 

IP3 1217(12.06)m, 12.2n 

a(C-Cl), 3b2 -+ 4s5 12.2 

IP4 12.51 m, 12 .5n 

12.7 



IP5 

IP6 

IP7 
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Assignment Present Results Previous Work 

13.4 

14.2 

15. 1 

15.89m, 15.4-16.8n 

16.3 

a) Uncertainty ±.05 eV for this band, ±.02 eV for all other bands. Extent of 
Franck Condon envelope indicated by numbers in parentheses . 

b) Ref. 22. 

c) Ref. 50 . 

d) shoulder 

e) Ref. 17. 

f) Ref. 16. 

g) Ref. 48. 

h) Ref. 49. 

Ref. 52. 

j) Subscript denotes IP to which Rydberg series is converging; i .e ., 1 = 
first IP . 

k) For definition of vibrational modes see ref . 18 . 

I) Vertical IF's (adiabatic in parentheses). 

m) Ref. 27. 
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n) Ref. 28. 
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Table 4. Electronic Transition Energies in 1,1- Dichloroelhylene 
for the Cl3p -+ nl Rydberg Series (eV) 

l n observed calculated 

p 4 9 .22 9.27 
5 10.51 10.48 
6 10.96 10.96 
7 11.20 11.20 

co= 11.67 6 = 1.62 

d 4 9 .99 10.01 
5 10.75 10.76 
6 11.10 11.09 

co= 11 .67 6 = 1.14 

s 4 8 .84 8 .87 
5 10.68 10.69 
6 11.31 11.33 
7 11 .63 11 .63 
8 11 .80 11.80 

co=12. 17 6 = 1.97 

p 4 9.67 9.69 
5 10.96 10.95 
6 11.45 11.45 
7 11 .68 11.69 

co=12.17 6 = 1.66 

p' 4 9 .08 9 .14 
5 10.79 10.77 
6 11.37 11.37 

co=12.17 6 = 1.88 

p 4 10.30 10.30 
5 11.20 11 . 18 
6 11.55 11.55 
7 11 .75 11 .75 

co= 12.51 6 = 1.65 
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Table 5. Electronic Transition Energies in Cis-dichloroelhylene (eV) 

Assignment Present Results Previous Work 

n -+ rr•. N -+ T 3.94(3.0-5.2) 6 3.82,b 3.98c 

6.23 shd 

6.43 shd 

7T-+3sle 6.54 shd 

rr -+ rr•, N -+ V 6.60 6.53:·g. 6. 7.0h,6.13b 
5.76~ 6.4ol, 
7.43 , 6.27c 

n -+ 3s1 + liz 6 .72 shd 

rr -+ 3s1 + 3llz 7.07 shd 

7.18 shd 7.16h 

7.38 shd 7 .33f 

7T -+ 3pl 7.42 7.41 f,g 

1T -+ 3pl + ll4 7 .50 7.51 f,g,h 

n .... 3pl + liz, 7.60 7 .58f,g,h. 7.6lf 
1T -+ 3pl + 2ll4 

rr -+ 3pl + liz + ll4 7 .69 shd 7.68f,g,h 

1T -+ 3p1 + 2llz, 7 .78 7.76f,g,h. 7.78f 
rr -+ 3p1 + liz + 2ll4 

rr -+ 3p1 + 2llz + ll4 7.86 7 .86f 

rr -+ 3p1 + 3llz, 7 .95 r r 7.93. 7 .96 
rr -+ 3p1 + 2llz + 2ll4 

rr -+ 3p1 + 3llz + 114 8.05 shd 8 r h .03. 8 .06 

8.11 8.08r.g. 8.1oh 

1T -+ 3dt 8 .19 8.17f,g 8 .19h 

1T -+ 3dl + ll4 8 .28 8.27r.g.h. 8. 26h. 8. 28h 

rr -+ 3d 1 + liz 8 .38 8.34f,g,h. 8.36h 

rr -+ 3d1 + 2ll2 , 8.49 8.51 f.g. 
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Assignment Present Results Previous Work 

8.45g, 8 .49 

Cl3p -+ 4p2, rr -+ 4p1 

rr -+ 4p 1 + v2 • Cl3p -+ 4s3 8.71 8.69f,h 

1T .... 4dl 8.80 8.77f,g,h. 8.80g,h 

rr -+ 5s 1 8.83 shd 8.83g,h 

rr --. 4d1 + v2 8.94 8.95f, 8.94g,h 

1T -+ 5pl 8.98 8.98f,g,h 

rr -+ 4dl + l.lz + 1.14 9.05 9.09g, 9 04h 

rr -+ 6s1 9.14 9. 13g. 9. 12h 

1T .... 6pl 9.21 9.20h 

rr -+ 6d1, rr-+ 7s 1• rr-+ 7p 1 9.32 9.28f, 9.29g, 9.30h 

rr -+ 7d 1, rr -+ 8p1 9.40 9.38f 

9 .53 shd 

Cl3p -+ 4p4 9.67 9.68h 

Cl3p -+ 4p3 9 .79 
Cl3p -+ 4p'4 

IP 1 9.8(9.65)1·m. 9.83(9.65)n 

Cl3p -+ 4d2 9.91 shd 

Cl3p -+ 5p4 10.11 

Cl3p -+ 5p2 10.26 10.28° 

10.30 

10.35 

10.53 10.50° 

Cl3p -+ 5s3 10.60 

Cl3p -+ 5d2 10.76 10.74° 

Cl3p -+ 6p2 10.89 
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Assignment Present Results Previous Work 

Cl3p-+ 5p3 10.97 

Cl3p -+ 5p4, Cl3p -+ 6d2 11.11 

Cl3p -+ 6s3 , Cl3p -+ 5p'4 11 .27 

Cl3p-+ 6p3 11.42 

11.55 

11.63 

IP2 11. 91, 11.71 n 

11.88 

Cl3p-+ 7p'4 12.03 

IP3 12.01, 12.09n 

Cl3p -+ 8p4 12.15 

12.24 shd 

12.37 shd 

IP4 12.61, 12.51n 

Cl3p .... 5p6 , 12.8 
4a1 -+ 2a2 (a-+ 1r•) 13.2 

3a1 -+ 2az(a -+ 1r•) 13.5 

IP5 13.91, 13. 72n 

IP6 14.21, 14. 1 n 

14.6 

15.3 

IP7 15.81, 15.66n 

8 Uncertainty ±. 05 eV for this band, ± .02 eV for all other bands. Numbers 
in parenthesesindicate extent of Franck-Condon envelope . 

... 



b 

c 

d 

e 

f 

g 

h 

k 

m 

n 

0 

- 95 -

Ref. 50. 

Ref. 51. 

sh = shoulder 

Subscript denotes IP to which Rydberg series is converging, i.e. , 1 = 
first IP, 2 =second IP, etc . 

Ref. 14. 

Ref. 7. 

Ref. 26. 

Ref. 48. 

Ref. 49. 

Ref . 9 . 

Ref. 28. 

Vertical IP's . (adiabatic in parentheses) 

Ref. 27. 

Ref. 34. 
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Table 6. Electronic Transition Energies in Cis-dichloroethylene for the 
Cl3p-+ nl Rydberg Series (eV) 

l n observed calculated 

p 4 8.49 8 .57 
5 10.26 10.28 
6 10.89 10.89 

oo=ll.71 0=1 .92 

d 4 9.91 9 .92 
5 10.76 10.75 
6 11.11 11.11 

oo=11 .71 0=1.24 

s 4 8.71 8 .74 
5 10.60 10.61 
6 11.27 11.26 

oo=12.11 0=1.56 

p 4 9 .67 9 .57 
5 11.11 11.14 
6 11.72 
7 11.99 
8 12.15 12.15 

oo=12.51 6=1.85 

p' 4 9.79 9.92 
5 11 .27 11.25 
6 11 .77 
7 12.03 12.02 

oo=l2.51 6=1 .71 
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Table 7. Electronic Transition Energies in Trans-dichloroethylene (eV) 

Assignment Present Results Previous Work 

7T .... 1T*, N .... T 3. 84(2. 9-4. 8)a 3.81 b 4.12c 

5.98 shd 

6.02 shd 

6 .06 shd 

6.09 shd 

7T .... 7T*, N .... V 6.36 6. 21~, 8 . 63c , 6 . 30~, 
6.33.,. ~. 82g, 7-43 ' 
6 .361

') , ' 6.28 

7T .... 3s1m 6.40 

6 .84 shd 

6.93 shd 6.921 

7T .... 3p 1 7.09 

7T .... 3p1 + L/2 7 .25 7.291 

7T .... 3p1 + 2v2 7.41 7.411 

7T .... 3p' 7.57 7.571 

7T .... 3p'1 + L/2 7 .73 7.721 

7T .... 3p 't + 2v2 7.90 7.931 

8.04 shd 8.07k 

7T .... 4s1 + l/5 8.19 8.16i,j,k. 8 .20k 

7T .... 4s1 + L12 + L15 8 .35 8.34i,k,8 .33j 

7T .... 4s 1 + v2 + 2v5, 8.38 8.38j,k 
7T .... 4pl 

7T _. 4St + L12 + L/4 + L/5 8.45 8.47j,k 

7T .... 4s1 + 2v2 + v5 8.51 8.5 1 i,j,k 

7T .... 4p' 1 8.55 

7T .... 4p1' + L/2 8.71 
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Assignment Present Results Previous Work 

Cl3p--. 4p2 8 .75 8.69i,j,k 

1T _. 4pt' + vz + 1.14 8 .82 

1T -+ 5St 8 .87 
. k 

8 .83\ 8 .80 

9.00 8 .95i 

1T ... 6pl 9. 15 

Cl3p--. 4p3 9.27 
. k 

9.201
, 9 .21 

9.40 9.46i 

9 .54 

9 .58 9.581 

9 .61 

9 .63 shd 9.631 

9 .67 shd 9.061 

9 .70 shd 9.701 

9 .77 shd 9.751 

IP1 9.81(9.64)n,o. 9 .84P, 

Cl3p--. 4p4 9 .87 9.81 i,k 

9.98 

10.01 shd 

10.09 shd 

10.25 shd 10. 17k 

10.28 

10.33 shd 

Cl3p--. 5p2, 10.39 10.38k 
Cl3p _. 4p4 ' 

10.51 shd 

10.58 10.59i 
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Assignment Present Results Previous Work 

C-Cla--. 3s 10.68 10.61l.k 

10.79 

10.88 shd 10.891 

10.98 10.971 

Cl3p--. 6p2 11.02 11.021 

11 .06 

Cl3p --. 4p6 11.20 11.281 

Cl3p--. 7p2, 11.33 11 .381 

Cl3p--. 5p4 

11.43 11.451 

Cl3p--. 8p2, 11.50 11.491 

Cl3p--. 5p4' 

11.56 

11 .70 

11.80 

IP2 11.86n, 11 .9P 

Cl3p--. 6p4' 12.02 

IP3 12.06n, 12.1 P 

Cl3p--. 7p4 12.13 

IP4 12.61n, 12.7p 

IP5 13.85n 

14.2 

IP6 14.2n,p, 

15.1 

15.3 

2b0 --. 2b8 ,(aC-H --. 1T•) 15.5 



IP7 

e 

b 

c 

d 

e 

f 

g 

h 

k 

m 

n 

0 

p 

- 100-

Assignment Present Results Previous Work 

Uncertainty ±.05 eV for this band, ±.02 eV for all other bands. Extent of 
Franck-Condon envelope indicated by numbers in parentheses. 

Ref. 50. 

Ref. 51. 

sh = shoulder 

Ref. 48. 

Ref. 52. 

Ref. 49. 

Ref. 53. 

Ref. 14. 

Ref. 7. 

Ref. 26. 

Ref . 15. 

Subscript denotes IP to which Rydberg series is conve rging, i.e ., 1 = 
first IP , 2 =second IP, etc. 

Ref . 27. 

Vertical IP 's (adiabatic in parentheses). 

Ref. 28. 



-101-

Table B. Electronic Transition Energies in Trans-dichloroethylene for the 
Cl3p -+ nl Rydberg Series (eV) 

l n observed calculated 

p 4 8.75 8 .65 
5 10.39 10.4 1 
6 11.02 11.03 
7 11.33 11.33 
8 11.50 11.49 

oo=11.86 6= 1.94 

p 4 9 .87 9.85 
5 11.33 11.33 
6 11.89 
7 12.13 12. 16 

oo=12.66 6=1.80 

p' 4 10.39 10.37 
5 11.50 11.50 
6 12.02 11.97 

oo=12.66 6= 1.56 
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Table 9. Electronic Transition Energies in Trichloroethylene (eV) 

Assignment Present Results Previous Work 

1T ... TT*N ... T 3. 70(3.0-4. 7)6 3.99b 

5.22 she 

5.29 she 

5.40 she 

5.57 she 

5.65 she 

5.76 she 

5.84 she 

5.98 she 

6.04 she 

TT ... 3std 6 .12 she 

TT ... 3sl + l/ze 6.29 she 

1T ... TT*, N ... v 6.33 6.31 b. 6.33f · ~ 
5.58h, 6 .20'·1 

1T -. 3St + 2z;2 6.45 she 

6.58 she 

6 .76 she 

6 .86 she 

6.93 she 

7.04 

7.21 

1T ... 3pl 7.38 7.35f,g 

1T ... 3pt' 7.44 7.40f,g 

1T ... 3pt" 7 .50 she 7.5lf,g 

TT ... 3p + ZJz 7.54 7.53f,g 
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Assignment Present Results Previous Work 

1T --+ 3p" + l/2 7.66 she 7.68f,g 

1T --+ 3p + 2112 7.73 7.70f,g 

rr --+ 3p' + 2v2 7. 78 she 7. 78f,g,7 . 75f.g 

rr --+ 3p + 3v2 7.85 7.87e,f 

1r --+ 3p' + 3v2 7 .94 

rr --+ 4s 8.00 7. 98f.g 

rr --+ 4s + v2 8.04 she 8.03f,g 

8.10 sh 

1T --+ 4s + v2 8.16 8.16f,g 

rr --+ 4s + 2v2 8.36 8.33f,g 

rr ..... 4s + 3v2 8.50 sh 8.50f,g 

rr --> 4s + 3 v2 + v7 8 .56 8.56r,8.58r 

8.69 

8 .88 she 

Cl3p --+ 4p2 8.94 

9.00 she 

9 . 18 

Cl3p ..... 4p3 9 .27 

9 .55 she 

Cl3p --+ 4p4 9 .62 

IPl 9.65(9.48)k,l, 9.6m 

9 .74 

Cl3p --+ 4p4 9 .82 

Cl3p --+ 4pe 9 .90 

Cl3p --+ 4p3' 10.02 



- 104-

Assignment Present Results Previous Work 

10.13 

10.19 

10.27 

Cl3p .... 5pz, 10.38 
Cl3p -+ 4d3 

10.48 she 

10.60 

10.69 

10.78 

Cl3p-+ 5p4, 11.08 she 
Cl3p .... 5p3' 

11 .17 

Cl3p-+ 5d3 11.25 

11.32 

Cl3p -+ 8pz, 11 .35 
Cl3p -+ 4p7 

11.47 

Cl3p .... 5p6 , 11 .59 
Cl3p .... 6d3 

Cl3p -+ 7p3 11.69 

IP2 11 .73k, 11.7m 

Cl3p -+ ?p3' 11 .75 she 

Cl3p -+ ?p4 11.90 she 

12.01 she 

Cl3p-+ 9p4 12.14 

IP3 12.18k, 12.2m, 

12.30 
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Assignment Present Results Previous War k 

IP4 12.4m, 

Cl3p -+ 8p6 12.60 

IP5 12.72k, 12.7m 

12.77 

12.92 

IP6 12. 96k, 12.9m, 

13.08 

13.48 

13.67 

13.86 

14.11 

IP7 14.40k,m 

Uncertainty ±0.05 eV for this band, ± .02 for all other bands. Extent of 
Franck-Condon envelope indicated by the numbers in parentheses. 

Ref. 50. 

Shoulder. 

Subscript denotes IP to which Rydberg series is converging, i.e., 1 = 
first, 2 =second, etc. 

For definitions of vibrational modes see ref. 14. 

Ref . 13. 

Ref . 7. 

Ref. 49. 



k 

m 

Ref. 48. 

Ref. 50. 

Ref. 27. 
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Vertical IP (adiabatic in parentheses) 

Ref. 28. 
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Table 10. Electronic Transition Energies in Trichloroethylene for the 
Cl3p -+ nl Series (eV) 

l n observed calculated 

p 4 8.94 8 .95 
5 10.38 10.40 
6 10.95 
7 11.21 

oo=11.71 6=1.78 

p' 4 10.02 10.02 
5 11.08 11.09 
6 11.53 
7 11 .75 11.75 

<>0=12.20 6= 1.50 

d 4 10.38 10.39 
5 11 .25 11.23 
6 11 .59 11.59 

oo= 12.20 6= 1.26 

p 4 9 .62 9.64 
5 11 .08 11.09 
6 11 .64 
7 11.90 11.90 
8 12.05 
9 12.14 12.15 

oo=12.40 6=1.78 

p 4 9 .90 9.99 
5 11.59 11.58 
6 12.17 
7 12.45 
8 12.60 12.60 

oo=l2 .96 6=1.86 
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Table 11. Electron Transition Energies in Tetrachloroethylene (eV) 

Assignment Present Results Previous Work 

3 .54(2.6-4.5)a 4.2b, 3.12c, 4.38d 

5 .29 she 

5.35 she 

5 .46 she 

5 .63 she 

5.78 she 

5 .84 she 

5 .91 she 5.9d 

5 .96 she 

6 .07 she 6 .06r 

6.22 5.71c,h6.46d,6.20r k 
6.29g . . 5. so3• 5.39 

7T ~ 7T* , N ~ V (vert) 

6.27 6.25r 

6.33 6.3or 

6.37 6.35f 

6.40 

6 .43 6.4lf 

6 .58 6 .59f 

6 .77 6.75f 

6 .94 6.92f 

6 .97 she 6.97f 

7.03 7.01f 

7.10 7.07f 

7T ~ 3p 7.19 

7T ~ 3s + 6 :~ 1 7.23 7 .25f 
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Assignment Present Results Previous Work 

rr --+ 3s + 6v1 + v 2 7.27 7.28f 

7r --+ 3p + Lll 7 .33 

7r --+ 3p + L/1 + L/2 7.41 

rr --+ 3s + 8v1 7.46 7.43f 

rr --+ 3p + 2 v1 7.52 

7 .58 

7 .66 she 

n(Cl3p) --+ rr• 7.69 7.68f 

rr --+ 3p + 3v1 + v 2 7 .75 

7.81 

rr --+ 4s 7 .90 7.88g,h,i 

7r --+ 3p + 4Lil + 'L/2 7 .93 

rr --+ 4s + v 2 7.95 

8 .02 she 

rr --+ 4s + v 1 8.05 she 8 .05g,h,i 

8 .10 

rr --+ 4s + v 1 + v 2 8 .12 8. 11 g.h,8.10i 

8 .21 

rr --+ 4s + 2v1 8 .23 8 .21g,h,i 

1T + 4p 8.26 sh 

rr --+ 4 s + 2v1 + v 2 8 .28 8.27g,h,i 

8.33 she 
h . 

8.32 ' 8.331 

rr --+ 4s + 3v1 8 .39 8.38g,h,i 

1T --+ 4p + 'L/1 8.43 she 

rr --+ 4s + 3v1 + v2 8.46 8.44g,h,i 
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Assignment Present Results Previous Work 

1T ~ 4s + 4v1, 1T ~ 5s 8 .53 8.54g,h, 8 .52g, 8 .551 

1T ~ 5s + v2 8.60 she 8.58g, 8.60h,i 

8.63 

1T ~ 5s + v1 8 .70 she 8.69g,h,i 

8.73 8.72h,i 

1T ~ 5s + v1 + v2 8.76 she 8 . 75g,h,i 

1T ~ 6s 8 .83 she 8.81g,h,i 

1T ~ 5s + 2v1 8 .88 8 .86g,h,i 

1T ~ 6s + v1 8 .96 she 8.98g, 8 .96h,i 

1T ~ 5s + 3v1 9.00 she 9.02g,h,i 

1T ~ 6s + 2v1 9 .15 9.14i 

1T ~ 6s + 2v1 + v2 , Cl3p ~ 4p2 9 .19 9.19i 

9 .24 she 9.24i 

1T ~ 6s + 3v1 9.30 9.29i 

1T ~ 6s + 3v1 + v2 9.36 she 9 .34i 

9.43 she 9.44i 

1T ~ 6s + 4v1, Cl3p ~ 4p3 9 .48 9.47i 

IP1 9.51(9.34)r..,o, 9 .5P 

9.53 9.52i 

Cl3p ~ 4p4 9 .62 9 .61i 

Cl3p ~ 4s6 9 .66 9 .68i 

9.74 she 9 .72i 

Cl3p ~ 4p5 9 .77 9 -~-i . ( 0 

9 .86 she 9.88i 

9 .90 she 9 .92i 

9 .98 she 9.99i 
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Assignment Present Results Previous Work 

10.03 10.05i 

Cl3p -+ 4p4' 10.10 she 10. 11 i 

10.15 

Cl3p -+ 5p2 10.28 she 

Cl3p -+ 4pa 10.40 10.42i 

10.62 she 10.64i 

10.67 10.67i 

Cl3p -+ 6p2 10.72 10. 72i 

10.80 10.80i 

Cl3p -+ 7p2 • Cl3p -+ 6p3 10.92 10.93i 

11.00 11.00i 

Cl3p -+ 8p2 • Cl3p -+ 5p4 11.07 she 11.09i 

11.12 11. 13i 

Cl3p -+ 5p5 11.20 she 11.21i 

Cl3p -+ 5p4' 11.26 she 

Cl3p -+ 4p9 • Cl3p -+ 6s5 11.31 

IP2 11 .38n, 11.40p 

11.42 she 

Cl3p -+ 6p3 11.45 

Cl3p -+ 4p10 11.49 

11.60 

Cl3p -+ 6p4 11.64 she 

Cl3p -+ 7p3. Cl3p -+ 5p8 , 11.70 
Cl3p -+ 6p4' 

Cl3p -+ 6p5 11.76 she 

Cl3p -+ 7p4. Cl3p -+ 6s6 11 .90 
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Assignment Present Results Previous Work 

Cl3p -... 8p3. Cl3p -... 7p4 ' 11.95 

Cl3p -... 7p5 11.99 

12.12 

Cl3p -... 6p8 , Cl3p -... 7s6 12.18 

IP3 12. 18n, 12.2P 

12.25 

Ci3p -... 8s6 12.34 

IP4 12.44n, 12.4p 

12.5 

IP5 12 .54n, 12.5P 

IP6 12.67n, 12. 7P 

IP7 12. 77n, 12.8P 

IPS 12.91 n, 13.0P 

13.0 

13.5 

IP9 13.48n, 13.5P 

14.1 

IP10 14 .68n, 14. 7P 

15.0 

IPll 15.10n,p 

a Unce rtainty ±0.05 eV for this band , ±0 .02 eV for all other bands. Exten t 
of Franck-Condon en velope indicated by n wnbers in parentheses. 

b Ref. 22. 
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Ref. 51. 

Ref. 50. 

sh indicates shoulder 

Ref . 10. 

Ref. 11. 

Ref. 7. 

Ref. 12. 

Ref. 48. 

Ref. 49. 

Subscript denotes IP to which Rydberg series converges, i.e., 1 = first 
IP, 2 =second IP, etc. 

For definitions of vibrational modes see ref. 12. 

Ref. 27. 

Vertical IP (adiabatic in parentheses) . 

Ref. 28. 
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Table 12. Electronic Transition Energies in Tetrachloroethylene for the 
Cl3p ~ nl Rydberg Series (eV) 

l n observed calculated 

p 4 9.19 9.19 
5 10.28 10.28 
6 10.72 10.72 
7 10.92 10.94 
8 11 .07 11.08 

00 = 11.40 6 = 1.52 

p 4 9.48 9.49 
5 10.92 10.90 
6 11.45 11.44 
7 11 .70 11 .70 
8 11 .85 
9 11 .95 11 .94 

00 = 12.20 0 = 1.76 

p 4 9 .62 9 .61 
5 11 .07 11 .08 
6 11 .64 11.63 
7 11.90 11 .90 

00 = 12.40 0 = 1.79 

p' 4 10.10 10.10 
5 11.26 10.24 
6 11 .70 11.71 
7 11 .95 11 .94 

00 = 12.40 0 = 1.57 

p 4 9 .77 9 .79 
5 11 .20 11 .20 
6 11 .76 11 .74 
7 11.99 12.00 

00 = 12.50 0 = 1.76 

s 4 9 .66 9 .70 
5 11 .31 11.31 
6 11 .90 11 .90 
7 12. 18 12. 18 

oo=12.70 0 = 1.87 
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observed 

10.40 
11 .70 
12.18 

c5 = 1.67 

calculated 

10.40 
11.68 
12. 18 
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Figure Captions. 

Figure 1. Schematic diagram of electron impact spectrometer 

(hemispherical analyzers not to scale) . 

Figure 2 . Low angle (10°) and high angle (90°) spectra of vinyl chloride 

with E0 = 25 eV. 

Figure 3. DCS plot of vinyl chloride E0 = 25 eV. Elastic scattering: • , 

N-. V : !, N ... T : e. The same arbitrary units are used for all 

three curves. The X0.1 for the elastic scattering is the fac

tor by which the corresponding DCS was multiplied before 

plotting. 

Figure 4 . DCS plot of vinyl chloride Eo= 50 eV. Elastic scattering: • , 

N -. V : A N -. T : e. See caption for figure 3 for scale expla

nation. 

Figure 5. High resolution electron energy-loss spectum of vinyl 

chloride Eo= 100 eV 8 = oo resolution= 35 meV FWHM. 

Figure 6. High resolution electron energy-loss spectrum of 1,1 

Figure 7. 

Figure 8. 

Figure 9 . 

dichloroethylene E0 = 100 eV, 8 = 0° resolution = 35 meV 

FWHM. 

Low angle (10°) and high angle (90°) spectra of 1,1 

dichloroethylene with Eo= 25 eV. 

DCS plot of 1,1 dichloroethylene E0= 25 eV. Elastic scatter

ing : • , N ... V : !, N ... T : e. See caption for figure 3. 

DCS plot of 1,1 dichloroethylene Eo = 50 eV. Elastic scatter

ing: • , N ... V : ! N -. T : • See caption for figure 3. 
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Figure 10. High resolution electron energy-loss spectra of cis

dichloroethylene Eo = 100 eV, 8 = 0°, resolution = 45 meV 

FWHM. 

Figure 11. Low angle (10°) and high angle (90°) spectra of cis-

dichloroethylene with E0 = 25 eV. 

Figure 12. DCS plot of cis-dichloroethylene Eo = 25 eV. Elastic scatter

ing: • . N ... V : • N ... T : e. See caption for figure 3. 

Figure 13. DCS plot of cis-dichloroethylene Eo =50 eV. Elastic scatter

ing: • • N ... V: • N ... T : e. See caption for figure 3. 

Figure 14. High resolution electron energy-loss spectra of trans-

dichloroelhylene Eo = 100 eV, 8 = oa resolution = 40 meV 

FWHM. 

Figure 15. Low angle (loa) and high angle (goa) spectra of trans-

dichloroethylene with E0 = 25 eV. 

Figure 16. DCS plot of trans-dichloroet.hylene Eo = 25 eV. Elastic 

scattering: •, N ... V : •· N-+ T : e. See caption for figure 3. 

Figure 17. DCS plot of trans-dichloroethylene E0 = 50 eV. Elastic 

scattering: •, N -+ V : •· N -+ T :e. See caption for figure 3. 

Figure 18. Plot of the electron energy-loss spectra in the 7 eV to 9 eV 

energy-loss region taken at various incident energies (E0) 

and at various angles (8) to illustrate the dependence of the 

symmetry forbidden transitions (shown by arrows) on these 

two parameters. Tick marks on the Y axis indicate the base

lines of the successive spectra. The arbitrary units for each 

spectrum are di.1Terent and are chosen so that the displayed 

height of the intensity of the B. 75 eV transition is the same 
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for all displayed spectra. 

Figure 19. Plot of the electron energy-loss spectra in the 9 eV to 11 eV 

energy loss region at incident energy E0=100 eV with 8=0° 

and 10° to show emergence of symmetry forbidden transi

tions. Tick marks on the Y axis indicate the baselines of the 

successive spectra. The arbitrary units for each spectrwn 

are different and are chosen so that the displayed height of 

the intensity of the 9.2? eV transition is the same for all 

displayed spectra. 

Figure 20. High resolution electron energy-loss spectrum of tri

chloroethylene E0 = 100 eV, 8 = 0°, resolution = 40 meV 

FWHM. 

Figure 21. Low angle (10°) and high angle (90°) energy-loss spectra at 

trichloroethylene with E0 = 25 ev. 

Figure 22. DCS plot of trichloroethylene E0 = 25 eV Elastic scattering: 

•, N -+ V : A, N -+ T : e. See caption for figure 3. 

Figure 23. DCS plot of trichloroethylene Eo= 50eV. Elastic scattering: 

•, N -+ V : A, N -+ T : e. See caption for figure 3. 

Figure 24. Low angle ( 1 0°) and high angle (90°) energy-loss spectra of 

tetrachloroethylene with Eo= 25 eV. 

Figure 25. DCS plot of tetrachloroethylene E0 = 25 eV. Elastic scatter

ing: •, N -+ V: A, N -+ T : e. See caption for figure 3. 

Figure 26. DCS plot of tetrachloroethylene Eo = 50 eV. Elastic scatter

ing:•, N -+ V : A. N -+ T: e. See caption for figure 3. 

Figure 2?. High resolution electron energy-loss spectrum of tetra

chloroethylene E0 = 100 eV, 8 = 0°, resolution = 35 meV 
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FWHM. 

Figure 28. Plot of the electron energy-loss spectra in the 7 eV to 9 eV 

energy-loss region of incident energy Eo= 100 eV with 8 = oo 
and 10° to show emergence of symmetry forbidden transi

tions. Tick marks on the Y axis indicate the baselines of the 

successive spectra. Arbitrary units for each spectra are 

different and chosen so that the displayed height fo the 

intensity of the 7 .69 eV transition is the same for all 

displayed spectra. 

Figure 29. Transition energy shifts for the N ... T transition as com

pared to ethylene (n=O) fluor ine : e, chlorine : • , and 

methyl: •· 

Figure 30. Transition energy shifts for the N ... V transition as com

pared to ethylene (n=O) fluorine : e. chlorine : •, and 

methyl : • · 

Figure 31 . Transition energy shifts for the 7T ... 3s transition as com

pared to ethylene (n=O) fluorine : e. chlorine : • , and 

methyl : • · 

Figure 32. Plot of transition energies versus the quantity IP-EA for the 

chloroethylenes. • : N ... V, e: N ... T. 
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The Spectroscopy of the Group VIb Transition :Uetal He:xacarbonyls 

Using the Electron Impact Kethod8 

C. F. Koerting,b K. N. Walzl, and A. Kuppermann 

Arthur Amos Noyes Laboralof"'l of Qunnical Physics, c 

California, Institute of TechnoLogy, PasadeNI, CA 91125 

(received ) 

The electron energy-loss spectra of Cr(C0)6, Mo(C0)6 , and W(C0)6 

were measured at impact energies of 25, 50 and 100 eV and at scattering 

angles from oc to 90°. The differential cross sections (DCS's) were 

obtained for several features in the 3-7 eV energy-loss region. The 

symmetry-forbidden nature of the 1A18 -+ 1A18, 2t2g(1f) -+ 3t2g(1f•) transi

tion in these compounds was confirmed. Several low energy excitations 

were assigned to ligand field transitions on the basis of the energy and 

angular behavior of their associated DCS's. No transitions which could 

clearly be assigned to singlet -+ triplet excitations involving metal orbitals 

were located in these molecules. In addition, a number of states lying 

above the first ionization potential were observed for the first time. 

Several of these excitations seem to correspond quite well to some of the 

transitions observed in free CO. 

• This work was supported in part by the U. S. Department of Energy, contract 
No. DE-AM03....16F00767; Project Agreement No. DE-AT03-76ER72004. 

b Work performed in partiel fulfillment of the requirements for the Ph.D. degree in 
Chemistry at the California Institute of Technology. 

c Contribution No. --
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I. Introduction 

The group Vlb transition metal hexacarbonyls are currently the focus 

of a large amount of research which has been stimulated by the catalytic 

properties exhibited by these compounds. 1-7 These compounds have also 

been studied as models for the binding of CO on transition metal 

surfaces.8-10 Understanding the electronic structures and bonding of 

these systems is very important to understanding their reactivity and 

thus gaining insight into their catalytic activity.11 

The bonding of CO to a transition metal atom or surface is thought to 

occur through a combination of u- and TT-type bonding. 12 The lone pair 

electron density of the carbon atoms is thought to delocalize into empty 

metal d orbitals thus forming a u-type of interaction. Back donation of 

metal "lone pair" d orbitals into the TT* orbital of CO forms the 1T interac

tion. It is this synergetic interaction which results in very little net 

charge transfer occurring between the metal and the CO thus allowing 

the metal to be coordinated in relatively low oxidation slates. Many 

theoretical studies have been performed on this system13 and large 

numbers of techniques and methods of experimentation have also been 

used to ascertain the exact nature of this bonding. 

In this study we have applied the technique of low-energy, variable

angle, electron-impact spectroscopy14
•15 to the group Vlb transition 

metal carbonyls. This technique has been applied with great success to a 

large number of small organic molecules16 and more recently to inor

ganic systems.17 It not only provides information on excited states opti

cally accessible from the ground stale but also on those states which are 

optically inaccessible from the ground stale. 14
•
15 The behavior of the 

measured differential cross section (DCS) as a function of scattering 
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angle, 8, and incident electron energy, E0, permit identification of the 

nature of various transitions in the electron energy loss spectra of these 

compounds. Electron impact also allows easy access to the high energy, 

>10 eV, region of the spectrum. This is important in that many of the 

intra-ligand absorptions occur in this region of the spectrum. Such tran

sitions are important in determining the nature of the metal-CO bond and 

can also be compared with electron energy-loss measurements of CO 

adsorbed on metal surfaces.20 

We have obtained electron energy-loss spectra with incident electron 

energies of 25 eV and 50 eV and at scattering angles at 10° intervals from 

10° to 90°. High resolution energy-loss spectra were also measured at 100 

eV incident energy and low scattering angles (<10°) in order to produce 

spectra comparable to optical spectra.21 

D. Previous Work 

a) Experimental 

For a series of compounds whose photochemistry has been studied as 

much as the group VIb metal hexacarbonyls, little attention has been 

given to the electronic spectroscopy of these compounds. Most of the 

previous studies have been performed in solution or solid matrices and 

were almost always done in the energy region below the quartz cutoff fre

quency (approximately 7 eV).22-28 Some work has been done in the gas 

phase,29-31 with one VUV study reported by Iverson and Russell.32 

Photoionization studies of the transition metal hexacarbonyls have 

been performed by Vllesov and Kurbatov33 and Lloyd and Schlag.34 A 

number of UV photoelectron spectroscopic studies of this series have also 

been reported.35-38 Plummer and co-workers39·40 have studied the UV 

and x-ray photoelectron spectroscopy of the metal carbonyls in detail 
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and have also made some interesting comparisons with CO adsorbed on 

transition metal surfaces. Giordan et al.41 and Tassel et a1.42 have used 

electron transmission spectroscopy to study the negative ion states of 

the transition metal hexacarbonyls. 

b) Theoretical. 

A large nwnber of theoretical studies, most of which use semi

empirical methods, have been performed on these compounds with the 

emphasis being on the metal -CO bonding in the ground state.43-46 There 

have also been a number of semi-empirical calculations performed to 

determine the energy levels of the excited states of these 

cornplexes.31·47-53 Hillier and Saunders54 and Moncrieff et a1.55 report 

the only ab initio study of a member of this series, done on the Cr corn

pound. 

m. Experimental 

The apparatus used in these studies has been described previ

ously56·57 and is an updated version of the Sirnpson-Kuyatt58·598 type 

electron impact spectrometer. Briefly, it consists of an electron gun -

2.25" mean radius hemispherical electron energy analyzer-detector sys

tem. The monochromator can be rotated from -15° to +100° with respect 

to the analyzer system. The sample may be contained in a static gas cell 

or be in an effusive molecular beam. The entire experiment is under the 

control of a microcomputer which .sweeps the electron energy-loss and 

accwnulates the energy-loss spectrwn. The sample pressure is main

tained at a few millitorr, in the pressure regime free of multiple scatter

ing events. 

The entire inlet system may be heated to approximately 150° C for 

working with substances which have low vapor pressures. Careful 
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monitoring of the electron-impact spectra was done in order to avoid 

decomposition of the hexacarbonyls. This was accomplished by looking 

for the strong, sharp CO bands in the 6-9 eV energy-loss region. Sample 

inlet conditions were adjusted to avoid CO contamination. The samples of 

Cr(C0)6 , Mo(C0)6, and W(C0)6 all came from the Aldrich Chemical Co. and 

had stated purities of 99%. The solid samples were degassed and admit

ted into the instrument without further purification. 

IV. Results 

The spectra of all of the group Vlb transition metal hexacarbonyls are 

very similar in appearance. One can divide these spectra into two 

regions. The first one extends from 3.5 to 7.0 eV and consists primarily of 

metal to ligand charge transfer (MLCT) bands and metal d to d , ligand 

field (LF) bands. The region above 7 .0 eV most likely consists of ligand to 

ligand, ligand to metal, and Rydberg-type excitations. We will discuss the 

results on a molecule-by- molecule basis. The tentative assignments 

given in tables 1-3 are based on those of Beach and Gray.31 

a) Ol.romiu.m hexacarbonyl 

The high energy (100 eV incident electron energy) and low angle (0°) 

spectrum of Cr(C0)6 is shown in figure 1. The appearance of the energy

loss spectrum agrees quite well with the vapor-phase optical spectra of 

Gray and Beach9 and Iverson and Russell.32 Attempts to measure the 

DCS's for the various transitions were complicated due to severe overlap

ping of the various bands. After attempts at using various deconvolution 

procedures had failed, the approach of simply dividing the spectrum into 

regions and measuring the DCS of a particular energy loss range was 

adopted.60 It was hoped that this procedure might indicate the presence 

of any possible spin-forbidden transitions which may be present. The 
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exception to this was the excitation present at 6.35 eV which was decon

voluted using a procedure similar to that described previously.81•82 The 

results of the DCS measurements are displayed in figures 2 and 3. The 

angular dependence of most of these DCS's are similar and no evidence 

for the presence of spin-forbidden transitions is apparent in all of the 

bands studied with one exception. 

It has been found helpful in the past 15 to plot the ratios of the DCS's 

for a given transition to that of a known, totally allowed transition as a 

function of scattering angle . It has been previously determined that, for 

systems with no significant spin-orbit coupling, the DCS ratio of spin

forbidden to spin-allowed transitions increases by one to two orders of 

magnitude as the scattering angle is increased from 10° to goo. 15 DCS 

ratios are plotted in figures 4 and 5 and with one exception, no case can 

be made for the presence of spin-forbidden transitions. Spectra taken at 

E
0

= 25 eV and 8= 10 o and goo are shown in flgure 6. Careful observation 

of these spectra and of others at intermediate angles shows the presence 

of two reproducible shoulders at 3 . 78 and 4 . 73 eV. The intensities of these 

features seem to be very slightly enhanced in going from 10° to goo when 

compared with that of the 4 .46 eV transition which has been assigned to a 

fully allowed MLCT type of excitation. This may indicate the presence of 

some forbidden character in these bands . 

The shoulder at 3.78 eV has been previously assigned to a LF type 

transition31 while the bands observed at 4.46 and 5.51 eV correspond to 

the MLCT transitions. The 5.51 eV band has a much larger intensity than 

the 4.46 eV band. This has been explained31 as being due to a larger 

change in the M-CO bond dipole moment associated with the 1A11 -+ 1Tf,V, 

2t2g ... 2~ transition as compared to that associated with the 1A11 -+ 
1T{~. 
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2t21 -+ 4t1u transition. The 4 .73 shoulder has been assigned to a second LF 

band and also shows a similar enhancement with angle as does the 

shoulder at 3. 78 eV. A shoulder is observed on the high energy side of the 

5.51 eV band with a maximum at 6.35 eV. This band has been previously 

assigned31 as a LF 1A11 -+ 1A11, ~(TT) -+ t 21(TT•) symmetry-forbidden transi

tion. This is confirmed by the behavior of the intensity of this transition, 

as shown in figure 7, which increases significantly as one goes from oo to 

eo scattering angle using 100 eV incident electrons. This type of behavior 

is characteristic of such symmetry-forbidden excitations.31 The interest

ing observation is made that the DCS's and their ratios to the intense 

MLCT band at 5.51 eV for this particular transition (figures 2, 3, 4, 5 ) 

display characteristics expected for spin-forbidden excitations at 25 eV 

incident energy. At 50 eV incident energy, this spin-forbidden behavior 

vanishes. This energy-dependence of the DCS indicates the possible pres

ence of an underlying spin-forbidden transition, possibly due to a CO 

intra-ligand absorption. The transitions at 7.46 and 7 . 7~ eV have not been 

assigned but may be due to components of the d -+ p metal-metal bands 

terminating in the 5t1u orbital. A number of bands are observed above 7 

eV energy-loss . One can turn to the work on CO bound to metal surfaces 

to possibly explain some of these transitions. Avouris et al.20 have 

recently studied the electronic excitations of CO bound to various metal 

substrates. In all the cases they studied, they found adsorbate bands in 

the 5-6 eV and 8-9 eV energy-loss regions. These were assigned to triplet 

and singlet 5u-+ 2TT• CQ-type transitions, respectively. Their findings 

indicated that the transition energies of bound CO were not significantly 

perturbed from those of free CO. In Cr (C0)6 the 5-6 eV band would be 

buried beneath the intense MLCT and LF bands but there is a band 
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observed at 8.80 eV which may correspond to the 5u -+ 27T• singlet excita

tion. The triplet component of this excitation may be responsible for the 

anomalous behavior of the DCS for the 6.35 eV transition at Eo= 25eV. 

The remainder of the spectrum consists of transitions to super-excited 

states (SES) at 10.8, 11.6, 12.4, 13.4 and 14.2 eV. These have not been 

assigned but may be due to Rydberg-type excitations or to other intra

ligand excitations. 

b) Molybdenum hexacarbonyl 

Figure 8 shows the 100 eV, oo electron energy-loss spectrum of 

Mo(C0)6 in the energy-loss region from 3 to 13 eV. With the exception of 

the symmetry-forbidden transition DCS at 25 eV, the DCS's and their 

ratios (figures 9-12) do not indicate the presence of any spin-forbidden 

transitions. In figure 13 the 25 eV and 10° and the 25 eV and goo spectra 

are compared. One can see that the transitions at 3.65, 3.82, and 4 .65 eV 

are all enhanced by a factor of about 2 in going from 1 oo to goo scattering 

angle. This is much less than the usual one to two orders of magnitude of 

enhancement observed for triplet states .15 

The shoulder observed at 3.65 eV in the 25 eV goo spectrum has been 

observed by Beach and Gra_i31 in solid state spectra at 77° K and has been 

assigned to the 1A11 -+ S>r'11 transition. The enhancement observed seems 

to indicate some amount of "forbiddenness" associated with this shoulder 

but it does not definitively confirm this assignment. The shoulders 

appearing at 3.82 and 4.65 eV also show an enhancement similar to that 

observed for the shoulder at 3.65 eV. As with Cr(C0)6 • the two most 

intense features in the spectrum are the MLCT bands at 4.32 and 5.44 eV. 

In addition, LF bands are observed as shoulders at 3.82 and 4.65 eV. The 

shoulder at 6.33 eV has been assigned as the symmetry forbidden 
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1A11 -. 1A11, 2t28(1r) -. 3t28(1T•) transition on the basis of the angular 

behavior of its intensity (figure 14). 

Additional bands have been observed at 7.08, 7.36, 7.65, 7.85, and 

8.30 eV; some of them may belong to metal d-p type excitations. Transi

tions to states above the first IP occur at 9.65, 10.23, 11.43, 11.52, 12.19, 

12.50, 12.83, and 13.26 eV. These, as in Cr(C0)6 • are most likely due to 

Rydberg excitations or intra-ligand absorptions. 

c) Tu.n,7sten hexa.ca:rbanyl 

Figure 15 shows the 100 eV, oa energy-loss spectrum of W(C0)6 

between 3 and 13 eV. As is the case with the other two members of this 

series, the DCS's and their ratios (figures 16-19) show no forbidden 

behavior, the exception once again, being the symmetry-forbidden transi

tion at 25 eV incident energy. Comparing the 25 eV and 10a spectrum to 

the 25 rV and goa spectrum, one can see that the transitions at 3.61, 3.75, 

and 4.5·1 eV are, as was the case for Mo(C0)6 , enhanced by about a factor 

of two with respect to the fully allowed transitions. As with Cr(C0)6 and 

Mo(CO)t>. the two most intense transitions are assigned to MLCT type, 

1A11 -. 1T1u excitations. They occur at 4 .32 and 5.55 eV, which are very 

close to the values of 4.46 and 5.51 eV observed for Cr(C0)6 and 4 .32 and 

5.44 eV observed for Mo(C0)6 . The LF bands occur at 3.84 and 4.65 eV, 

which are also very close in energy to those seen in Cr(C0)6 and Mo(C0)6. 

The shoulder at 3.61 eV has been assigned by Beach and Gray31 to the 

1A11 -. 3of18 transition and the MCD measurements of Chastain et al.28 

seem to confirm that this assignment is correct. On the basis of our DCS 

measurements we can make no definitive statement confirming this 

assignment. Again at 6.24 eV occurs a symmetry-forbidden transition, as 

identified by the angular behavior of the intensity of this band relative to 
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the 5.55 eV band (figure 21) . As with the other hexacarbonyls this is most 

likely the 1A18 -+ 1A11• 2t2&(TT) -+ 3l2g(TT•) transition. Other bands are 

observed below the first IP at 6.54, 7.66, and 8.38 eV. A number of transi

tions to SES states are observed at 8.80, 9.96, 10.38, 11.63 and 12.26 eV. 

These again are probably due to Rydberg or intra-ligand transitions. 

IV. Photochemistry 

The transition metal carbonyls probably have the most extensively 

studied photochemistry of any organometallic species.7·63•64 Recent 

work includes photodissociation in low temperature matrices and 

glasses,65-67 laser photodissociation,68 multiphoton dissociation and 

ionization69"73, and picosecond laser studies?4 Excitation of any of the 

LF or MLCT bands is known to cause photodissociation of the type 

M(C0)6 -~-+ M(C0)5 +CO 

A number of studies have indicated that the energetically low-lying triplet 

states of these molecules are important in many of these 

processes.65•68•75 The work of Nasielski and Colas75 indicates that the 

measured quantum yield for photodissociation of somewhat less than 

unity76 may be accounted for by the radiationless decay of a relatively 

long-lived triplet state. Rest and Sodeau85 have observed phosphores

cence at 400 nm in mixed matrices of Cr(C0)6 and have assigned it to the 

Cr(C0)6 , Sor11 -+ 1A18 transition. This places the triplet state for Cr(C0)6 at 

about 3. 1 eV. In this study we have found no band which is consistent 

with this assignment. 

V. Discussion 

We undertook this investigation with the hope of locating and 

definitively assigning the low-lying triplet states of these transition metal 
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hexacarbonyl compounds on the basis of the angular and energy depen

dence of the corresponding electron-impact DCSs. The major problem 

with using the DCS's to assign the transitions of these compounds 

involves the high atomic number of the metal atom. The rules correlat

ing the behavior of the DCS with the transition type are based on a large 

body of data obtained from experiments with polyatomic molecules con

sisting primarily of first and second row elements. In these compounds 

the spin of the electron is considered to be a constant of the motion ,i.e ., 

a "good" quantum number. However, in the presence of the high electric 

fields experienced by the electron as it travels through an increased 

nuclear charge, as is the case with the heavier elements, the spin-orbit 

interaction becomes non-negligible.77 This results in the spin angular 

momentum no longer being a good quantum number. The behavior of the 

DCS for transitions in systems involving various degrees of spin-orbit cou

pling is not known since only a few electron-impact studies involving com

pounds containing heavy nuclei have been performed. 17-19•78-80 

From the DCS plots (figures 2,3,9, 10,16,17) and ratio plots (figures 

4,5,11,12,18, 19), the only transition which displays any forbidden charac

ter is the one assigned to the 1A18 -+ 1A18, 2t2£(n)-+3t2£(n•) excitation. This 

excitation displays behavior characteristic of a symmetry-forbidden tran

sition at incident energies of 100 eV (figures 7, 14,21). The DCS for this 

transition at 25 eV incident energy behaves similarly as those observed 

for spin-forbidden transitions in light atom systems. Particularly 

interesting is the fact that this behavior essentially disappears as the 

incident energy is increased to 50 eV. This is also indicative of spin

forbidden type transitions and points out the possibility of there being an 

underlying spin-forbidden transition present which only contributes 
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significantly to the DCS at 25 eV. The plausiblity of this argument is sup

ported by the work of Avouris et al. 20 who. as mentioned earlier, studied 

the electronic excitations of CO bound to metal surfaces and found that 

some of the CO triplet and singlet transitions were not significantly per

turbed from their gas phase values. If this holds true for the metal hexa

carbonyls, the first CO triplet would fall within the region of the 

1A18 _. 1A18, 2t2g(7T) _. 3t2g(7T•) transition for metal hexacarbonyls. One 

would expect that since this would be primarily an intra-ligand excitation, 

its DCS would behave similarly to that of free CO. This would also explain 

the presence of the transitions in the 8 to 9 eV range observed in all of 

these molecules. More work is clearly needed to confirm if this is indeed 

the case. In addition, a number of SES bands have been observed in all 

three compounds, which seem to correspond to the 10.78, 11.40, and 

12.37 bands seen in free C0.81 These transitions differ from the free CO 

values by a few tenths of an eV. The presence of relatively unperturbed 

CO transitions is supported by the bands in the photoelectron spectra55 

which have been observed to be reasonably close in energy to those of 

free CO. 

We have also noticed that the shoulders on the low-energy side of the 

first MLCT bands, which have been previously assigned as triplets in 

Mo(C0)6, and W(C0)6,31 all show the same relative degree of enhancement 

as a function of angle as do the bands assigned to the LF excitations . This 

indicates that all of these bands belong to a common type of transition. 

The question must be answered as to whether they belong to a spin

allowed LF transition or some type of LF or MLCT spin-forbidden transi

tions. The angular behavior of the DCS's for these bands indicates that 

they have the character of transitions in systems for which spin-orbit 
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coupling is small and thus, based on this information, no definite state

ment may be made either way. To further clarify this situation, we can 

look at the incident energy dependence of the ratio of the DCS of the 

bands in question to the DCS of the first MLCT band as a function of 

incident energy (table 4) . For spin-forbidden transitions this ratio should 

rise dramatically as one approaches the threshold excitation energy.15 

For spin-allowed transitions this ratio climbs slowly from threshold to 

peak at 5 to 10 eV above it and then slowly decreases as the incident 

energy is raised. The energy behavior of this ratio which we observe does 

not appear to indicate the presence of a spin-forbidden transition but 

rather a weak spin-allowed one. 

From the evidence we have on the angular and energy behavior of 

these low-lying bands we tentatively assign them to LF bands. The LF 

bands are formally g-+ g symmetry-forbidden but they do not display the 

high energy, low angle intensity behavior characteristic of such transi

tions. This can be explained if the LF excited state is significantly dis

torted which would tend to remove some of the symmetry constraints on 

the transition. The symmetry forbiddenness of these bands might also 

explain the slight enhancement observed on increasing the scattering 

angle . 

The lack of spin-forbidden behavior on the part of the DCS's may also 

be caused in part by the way in which they were obtained from the 

energy-loss spectra. The transitions for these compounds are so heavily 

overlapped that if the singlet-triplet splitting were small enough, and the 

triplet state intensity small enough compared to the overlapping singlet, 

then the singlet would dominate the behavior of the DCS of the combina

tion of the two bands. 
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VI. Summary and conclusions 

In summary, we have measured the electron energy-loss spectra of 

Cr{C0)6 , Mo(C0)6, and W(C0)6 at incident energies of 25, 50 and 100 eV and 

at scattering angles from 10" to 90". We have confirmed, on the basis of 

the low angle dependence of the differential cross section, the 

symmetry-forbidden nature of the 2t21{TT) ... 3t2g(TT•), 1A18 ... 
1A11 transitions 

located at 6.35, 6.33, and 6.24 eV for Cr(C0)6 , M(C0)6, and W(C0)6 , respec

tively. We have also tentatively assigned a number of low-lying ligand 

field bands on the basis of the energy and angular behavior of the DCSs . 

In addition a number of transitions to super-excited states were observed 

above 9 eV energy-loss, some of which corresponded quite well with tran

sitions in free CO. No excitations were located which could confidently be 

assigned to singlet-triplet excitations involving metal orbitals. 

The results of the present research point out the need for additional 

theoretical studies, especially on the electronic structures of these corn

pounds and on the dynamics of elect ron scattering off strongly spin-orbit 

coupled species. The first area of additional study involves the electroni

cally excited states of these compounds, and should also be extended to 

include the effects of binding to a metal on the CO to CO transitions. 

These studies would not only shed light on some of the problems encoun

tered in the present work but also help explain results obtained on CO 

bound on metal surfaces . 

The second area of theoretical study should involve the behavior of 

the DCS of low-energy electron scattering from targets with varying 

degrees of spin-orbit coupling. The calculations performed need not be 

exact since only qualitative trends are desired. They should be done for 

both direct and exchange scattering processes. It is hoped that the 
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present work will stimulate efforts in the previously mentioned areas 

since such studies would be useful for the interpretation of electron 

energy-loss spectra of organometallic compounds. 
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Table 1. Chromium Hexacarbonyl 

Transition Energy l eV 

Assignment 6 Present Results Previous Work 

tAtg _. tTtg 3 .78 shb 3.60c 

tA _. tr(t) 4 .46 4.44~.f. 4 . ~7d , 4 .f3g ,l. lg lu 
4.441

, 4 .3611 4 .35 . 
4.47K, 2.95, 3 .9rn, 
3.99n 

tAtg _. lTzg 4 .73 sh 4.82c 

lA _. trfz> 5.51 5.48~ . 5.39d, 5 .2~ lg u 
5 .51 .. 5.41~ . 5.54 
5.33~ 5 . 5~1 • 5 . 9~J . 
5.27 ' 5.6' 5 .52 ' 
5 .2rn, 4 .8rn, 4 .6rn 

tAtg _. tAtg 6.35 sh 6.31c, 6.3f. 6.33h, 
(t28(rr) -. t 28(rr•)) 6.381,6.35 , 5 .9rn 

7.46 7.42h 

7 .71 7.70h 

IP1 8.40°'P 

SES 8 .80 8.79h 

SES 10.8 

SES 11.6 

SES 12.4 

IP2 13.38°'p 

SES 13.4 

SES 14.2 
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a Assignments based on ref. 31. 

b sh indicates shoulder 

c Ref. 31. 

d Ref. 22. 

e Ref. 23. 

f Ref. 29. 

g Ref. 30. 

h Ref. 32. 

Ref. 28. 

Ref. 44. 

k Ref . 48. 

Ref. 50. 

m Ref. 51. 

n Ref. 52. 

0 Ref. 36. 

p Vertical IP's. 
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Table 2. Molybdenum Hexacarbonyl 

Assignrnent8 

lAtg -+ 1T2g 

1 A -+ 1Tf2) lg u 

lAtg -+ lAlg 
(2t2g(rr) -+ 3izg(rr*)) 

IP1 

SES 

SES 

SES 

SES 

SES 

SES 

Transition Energy leV 

Present Results 

3 .65 shb 

3.82 sh 

4 .32 

4 .65 sh 

5.44 

6 .33 

7.08 sh 

7 .36 

7.65 

7.85 

8.30 

9 .65 sh 

10.23 

11.43 

11.52 

12.19 

12.50 

Previous Work 

3.84c,d, 3.89e,f, 3 .96g h . . 
3.95 ' 3 .781,3.831 

4.29c,i, 4.3~d· 4. 3~e 
4 .34·h. 4.~ · ' 4.53 
4.30\ 4 .35J 

4.66~, 4.67e. 4 .62g 
4 .601

, 4 .691 

5.39c.f,h, 5 . .45d, 5.44e,k 
5 .32g, 5.28J,I 

6.38d, 6.42e,k 



Assignment8 

SES 

IP2 
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Transition Energy l eV 

Present Results 

12.83 

a Assignments based on ref. 31. 

b sh indicates shoulder 

c Ref. 22. 

d Ref. 31. 

e Ref. 29. 

Ref. 24. 

g Ref. 30. 

h Ref . 25. 

Ref . 28. 

Ref. 23. 

k Ref . 32. 

Ref. 36. 

Previous Work 
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Table 3. Tungsten Hexacarbonyl 

Transition Energy leV 

Assignment a 

tAlg _. tAtg 
(2t:q:(rr) --. 3t28(rr•)) 

IP1 

SES 

SES 

SES 

SES 

SES 

Present Results 

3.61 shb 

3.?5 

4.00 sh 

4.32 

4 .54 sh 

4.86 sh 

5.55 

6.24 sh 

6.54 sh 

? .66 

8 .38 

8.80 

9.96 

10.38 

11.63 

12.26 

Previous Work 

3 . 66~. 3 .52e. 3.54f 
3 .531

, 3 .561,3.511 

3 . ??i, 3 . ?1 i 

d f . 
4 .04 ' 3.96 ' 3.931 

4 .28c, 4 .33d, 4.2?e 
4 .3o:·1

, 4 .34n. 4.3~ 
3. ?5J, 3.8oJ, 4.391 

4 . 61~. 4 .51 e. 4 .54f 
4 .551 

4 . 84~. 4 . 15~ . 4 .41j 
4 . 71 1

, 4. 791 

5.41 c, 5 .53d, 5 .44e 
5. 56~. 5.3gl,5.431 

5 .551 

6.26d, 6.24f, 6.36g 

6 .52e, 6 .55f, 6.36g 

7 .65g 

8.43g 

8 .56k.l 
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Transition Energy leV 

Assignment8 Present Results Previous Work 

IP2 13.27k,l 

a Assignments based on ref. 31. 

b sh indicates shoulder 

c Ref . 22. 

d Ref . 29. 

e Ref. 30. 

f Ref. 31. 

g Ref . 32. 

h Ref . 25. 

Ref. 28. 

Ref. 53. 

k Ref. 36. 

Vertical IP. 
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Table 4. Ratios of the area of the lowest MLCT band to that of the lowest 
energy shou]der as measured at 20° scattering angle. 

100 

Cr(C0)6 4 .05 

Mo(C0)6 4 .83 

W(C0)6 4.25 

E0 (eV) 

50 

3.93 

4.82 

4.06 

25 

3 .77 

4.23 

3 .52 



Figure 1. 

Figure 2 . 

Figure 3. 

Figure 4 . 

Figure 5. 

Figure 6. 

Figure 7. 
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High resolution electron energy-loss spectrum of Cr(C0)6 • 

Eo= 100eV, 8 = 0°, resolution= 45 meV FWHM. 

DCS plot of Cr(C0)6 • Eo= 25 eV. Elastic scattering = • 

P 1 (2.5 .... 4.1 eV) = e P2 (4.1 .... 4.8 eV) = j; 

P3 (4.8 .... 7.2 eV) = Q P4 (6.35 eV symmetry- forbidden 

transition = 0 The same arbitrary units are used for all 

curves. 

DCS plot of Cr(C0)6 • E0 = 50 eV. Elastic scattering = • ; 

P 1 (2.5 .... 4 .1 eV) = e P2 (4.1 .... 4.8 eV) = j ; 

P3 (4.8 .... 7.2 eV) = 0 P4 (6.35 symmetry-forbidden transi-

tion = 0 . The same arbitrary units are used for all 

curves. 

Plot of the ratios of the DCS's of the various transitions of 

Cr(C0)6 to that of the transition P3 (4.8 - 7.2 eV) at 

Eo= 25 eV P 1/P3 = e; PvPs = • P4/ P3 = •· See caption 

for figure 2. 

Plot of the ratios of the DCS's of the various transitions of 

Cr(C0)6 to that of the transition P3 (4.8 - 7.2 eV) at 

Eo= 50 eV P1/P3 = • . P2/P3 = •• P4/P3 = • . See cap

tion for figure 2. 

Low angle (10°) and high angle (90°) spectra between 3.0 eV 

and 8.0 eV energy loss of Cr(C0)6 with E0 = eV. 

Plot of the electron energy-loss spectra of Cr(C0)6 in the 

3.5 eV to 7.5 eV energy-loss region at incident energy 

Eo= 100 eV with 8 = 0°, 3o and 6° to show the emergence of 

symmetry-forbidden transitions. Tick marks on theY axis 



Figure 8 . 

Figure 9. 

Figure 10. 

Figure 11. 

Figure 12. 

Figure 13. 
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indicate the baselines of the successive spectra. The arbi

trary units for each spectrum are different and are chosen 

so that the displayed height of the intensity of the 5 .51 eV 

transition is the same for all displayed spectra. 

High resolution electron energy-loss spectrum of Mo(C0)6 , 

Eo= 100 eV, 8 = 0", resolution= 40 meV FWHM. 

DCS plot of Mo(C0)6 , E0 = 25 eV, Elastic scattering = • . 

P1(2.5-+ 4 .0 eV) = • P2(4 .0-+ 4.60 eV) = &, 

P3(4 .60-+ 4.85 eV) = 0, P4 (4.85-+ 6 .5 eV) = 0. P5 (6.33 eV 

symmetry-forbidden transition) = + . See caption for 

figure 2. 

DCS plot of Mo(C0)6 , Eo = 50 eV, Elastic scattering = • , 

P 1(2.5-+ 4.0 eV) = • P2(4.0-+ 4.60 eV) = ll , 

P3 (4 .60-+ 4 .85 eV) = 0. P4 (4.85-+ 6.5 eV) = 0 , P5 (6.33 eV 

symmetry-forbidden transition) = + . See caption for 

figure 2. 

Plot of the ratios of the DCS's of the various transitions of 

Mo(C0)6 to that of the transition P4(4.85-+ 6 .5 eV) at E0 = 

25 eV. P 1/P4 = •. P2/P4 = • . P~P4 = + . P~P4 = &. 

See caption for figure 2. 

Plot of the ratios of the DCS's of the various transitions of 

Mo(C0)6 to that of the transition P4 (4.85 -+ 6 .5 eV) at Eo = 

50 eV. P 1/P4 = e, P2/P4 = • , P3/P4 = + . P~P4 = &. 

See caption for figure 2. 

Low angle (10") and high angle (90") spectra (between 3 .0 

and 8 .0 eV ener gy-loss) of Mo(CO)s with Eo = 25 eV. 



Figure 14. 

Figure 15. 

Figure 16. 

Figure 17. 

Figure 18. 

Figure 19. 
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Plot of the electron energy-loss spectra of Mo(C0)6 in the 

3.5 eV to 7.5 eV energy-loss region at incident energy 

E0 = 100 eV with f3 = 0°, 3°, and 6° to show the emergence 

of symmetry-forbidden transitions. Tick marks on the Y 

axis indicate the baselines of the successive spectra. The 

arbitrary units for each spectrum are different and are 

chosen so that the displayed height of the intensity of the 

5.51 eV transition is the same for all displayed spectra. 

High resolution electron energy-loss spectrum of W(C0)6 , Eo 

= 100 eV, f3 = 0°,resolulion = 40 meV FWHM. 

DCS plot of W(C0)6 , E0 = 25 eV, Elastic scattering = • . 

P 1 (2 .5 -+ 4 .0 eV) = • P2(4.0-+ 4.60 eV) = 6 , 

P3(4 .60-+5.1eV) = 0 P4 (5.1 -+ 6.4 eV) = 0 

(symmetry-for bid den transition) =• See caption for 

figure 2. 

DCS plot of W(C0)6 , Eo= 50 eV, Elastic scattering = •• 
P 1(2.5-+ 4 .0 eV) = • P 2(4.0-+ 4.60 eV) = '· 
P 3(4 .60-+ 5 .1 eV) = 0 P 4 (5. 1 -+ 6.4 eV) = 0 . p5 

(syrrunetry-fofbidden transition) = + . See caption for 

figure 2. 

Plot of the ratios of the DCS's of the various transitions of 

W(C0)6 to that of the transition P 4 (5. 1 -+ 6.4 eV) at E0 = 25 

eV. P 1/P4 =., P2/P4 =. , P:YP4 =+ . P~P4 = ' · See 

caption for figure 2 . 

Plot of the ratios of the DCS's of the various transitions of 

W(C0)6 to that of the transition P 4 (5.1 -+ 6.4 eV) at E0 = 50 

eV. P 1/P4 = e .P2/P4 = • . P3/P4 = + , Ps/P4 = ' · See 



Figure 20. 

Figure 21 . 
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caption for figure 2. 

Low angle (10°) and high angle (90°) spectra (between 3.0 

and 8.0 eV energy-loss) of W(C0)6 with E0 = 25 eV. 

Plot of the electron energy-loss spectra of W(C0)6 in the 3.5 

eV to 7.5 eV energy-loss region at incident energy 

E0 = 100 eV with {} = 0°, 3o and 6° to show the emergence of 

symmetry-forbidden transitions . Tick marks on theY axis 

indicate the baselines of the successive spectra. The arbi

trary units for each spectrum are different and are chosen 

so that the displayed height of the intensity of the 5 .51 eV 

transition is the same for all displayed spectra. 

·. 
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CHAPfER7 

EXPLORATORY STUDIES 

In this chapter we shall present the results of some of the prelim

inary studies which have been performed over the past few years. These 

studies are by no means intended to be complete investigations. Rather, 

they were performed in order to shed light on some of the studies 

presented previously or exploratory studies used to determine the spec

tral regions of interest and to assess the necessary conditions which will 

be needed to further study these molecules. These preliminary studies 

were performed on vinyl bromide, 1,2 dibromoethylene, iron pentacar

bonyl, cyclopropane, and methyl radical. The results of these studies will 

be presented in the following sections on a molecule-by-molecule basis. 

a.) 'Knyl bromicU? 

At first glance, the energy-loss spectrum of vinyl bromide (figure 1) 

appears to be very similar to the energy-loss spectrum of vinyl chloride 

(chapter 5, figure 5). The first observed transition in vinyl bromide 

occurs as a broad band extending from 3.4 eV to 4.9 eV with its minimum 

at 4.05 eV. This band is assigned to the 7T -+ 7T•, N -+ T, singlet -+ triplet 

transition. This assignment is supported by observed enhancement of the 

relative intensity of this transition on going from a 20° scattering angle to 

a 50° scattering angle (figure 1). The next observed transition is assigned 

to the 7T -+ 7T•, N-+ V excitation with its maximum at 6 .47 eV. One does 

notice that on comparison with the corresponding chloroethylenes, the 

bromoethylenes exhibit a much more intense shoulder on the low energy 

side of theN-+ V peak. These may be due to transitions involving u• orbi

tals. The remainder of the spectrum consists mostly of 7T -+ nl and 

Br 4p -+ nl Rydberg series converging on the various IP's of the molecule. 
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There is, however, a transition observed at 7.42 eV which has been 

assigned by Schander and Russell1 to an n -+ n•-type excitation. The 

results of the present study are listed in table 1 along with the tentative 

assignments of these transitions. 

b) 1,2-Dibromoethylene 

Figure 3 shows the energy-loss spectrum of a mixture of cis- and 

trans-1,2-dibromoethylene from 4 .5 eV to 11 .5 eV. In very general 

appearance the spectrum resembles those obtained optically.1-3 Since a 

mixture of isomers was used, no specific assignments can be made. How

ever, as seen in figure 4, one observes a transition extending from 

approximately 3.2 eV to 4.6 eV with a maximum around 3.8 eV which 

increases in relative intensity to the n -+ n•, N -+ V excitation as the 

scattering angle is increased from 10° to 40°. This behavior indicates that 

this is the 1T-+ 1T•, N-+ T excitation. 

c) Iron pentacarbonyl 

The spectrum of iron pentacarbonyl was measured to compare with 

those of the group VIb transition metal hexacarbonyls. At first glance the 

spectra look surprisingly similar, even though the iron is pentacoord.i

nated, not hexacoordinated. Figure 5 shows the energy-loss spectrum of 

iron pentacarbonyl, taken at incident energy, Eo= 50 eV and 0° scatter

ing angle . Table 2 lists the observed transitions along with the previous 

work on this compound. Not many studies of the ultraviolet-visible spec

troscopy of this compound exist, especially in the gas phase. Eyber 7 first 

reported the absorption spectrum of this compound in 1929 but all that 

was observed was continuous absorption in the wavelength region he stu

died. Lundquist and Cais8 and Dartiguenaue et al.9 have reported solu

tion spectra for iron pentacarbonyl. The results they obtained are also 
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listed in Table 2. 

In our work we observe two low-energy features at 3.35 eV and 3.S2 

eV which are not observed in the optical spectra. Impurities cannot be 

ruled out nor can the possibility that these are forbidden transitions. 

More work is needed on the energy and angle dependence of these 

features to verify their nature. 

d) Cyclopropane 

Cyclopropane is of great experimental and theoretical interest in 

that it is the smallest alkane ring system. The strained ring structure of 

cyclopropane causes it to possess a reactivity which more closely resem

bles an olefinic system than an alkane.11 The spectroscopy of cyclopro

pane is not well understood. To complicate matters, the E' excited state 

of cyclopropane is Jahn-Teller split12 into two components as is the lowest 

ionic state. Figure S shows the electron impact spectrum of cyclopro

pane at an incident energy of 50 eV and 10° in the 2 eV to 12 eV energy

loss region. The observed transitions and assignments are listed in table 

3 along with the previous work on this molecule. Figure 7 compares the 

energy-loss region from 2.5 eV to 7.5 eV for incident energy and scatter

ing angles of 50 eV and 10° to 25 eV and S0°. The triplet state observed by 

Brongersma13 at 5.9 eV was not observed in the present study; however, 

the low-energy side of the band at S.80 eV and the spectral region from 

8.0 to 9.5 eV do show some enhancement on going from 50 eV and 10° to 

25 eV and sao. Several triplet states are theoretically predicted to lie in 

these regions.14•15 So it is quite possible that the observed changes are 

due to one or more of these triplet states. In any case, more detailed 

study is required before a certain assignment of such states is possible. 
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e) Methyl rad:ical 

In figures 8a and 8b are shown two electron impact spectra taken at 

E0 = 100 eV, 8 = 0° between 4 .5 and 9.5 eV energy-loss. Spectrum 8a is 

the spectrum of tetramethyl tin obtained using the pyrolysis source with 

no heating applied. Tetramethyl tin (TMT) was chosen as the methyl pre

cursor due to the production of four methyl radicals for each molecule 

pyrolyzed.25 The resultant pyrolysis spectrum should then consist of pre

cursor (TMT), atomic tin, and methyl radical. Figure 8b shows the spec

trum when the source was heated to approximately 800° C. Immediately 

apparent are the sharp transitions located at 5.70, 6.72, and 8.30 eV. The 

5.70 eV transition correlates well with the value of 5.73 obtained by 

Herzberg and is assigned to the A2" -+ 3s excitation.26 The 8.30 eV transi

tion, which has been observed by Herzberg at 8.28 eV, is assigned to a 

A", .... 3d transition. The 6. 72 eV peak is most likely due to atomic tin 

absorption since it is located within the metal absorption bands of the 

precursor molecule. 

From 8 to 14 eV (figure 9) there occur a large number of relatively 

sharp bands superimposed on the broad, continuous bands of TMT. This 

structure is due to higher members of the Rydberg series converging on 

the first ionization potential (IP) at 9.85 eV27 plus other Rydberg transi

tions converging to higher IP's . In addition, a number of these transitions 

may be due to atomic tin excitations. Further study is needed to ascer

tain the exact nature of these bands. 

Also of interest is the shoulder extending from 4.9 to 5.75 eV. This 

shoulder is not present in the absence of heating (figure 8a). At first this 

was thought to be a band of ethane formed by methyl radical recombina

tion but the first absorption in ethane occurs above 8 ev28 . Theoretically, 
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the first valence transition, A2" ~ lE", has been predicted to occur at 

abut 7.4 ~ 7.6 eV.29•30 This transition is forbidden by symmetry in the 

planar configuration of the ground state and unfavorable Franck-Condon 

factors would preclude strong absorption into the pyramidal 

configuration of the valence excited state.29 Unless these calculations 

give valence state energies which are about 1 eV too high, it is doubtful 

that this shoulder would correspond to the transition to this state. A 

study of the behavior of this shoulder relative to the 3s band as a func

tion of angle would show if indeed this shoulder were due to a symmetry

forbidden state . It is also possible that this shoulder is due to incom

pletely dissociated TMT. 

Operation of the source with TMT was limited to about five hours due 

to the beam capillary becoming obstructed by metallic tin. To the best of 

our knowledge this is the first electron-impact spectrum of a polyatomic 

free radical. 
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Table 1. Vinyl Bromide 

Transition Energy / eV 

Assignment Present Results Previous Work 

rr --+ rr•. N --+ T 4 . 05 (3.4-4. 9)8 

5.76 

5 .86 

5 .94 

6.03 

1T --+ rr•, N --+ V 6.47 6.47b 

rr--+3s 1c 6.68 6 .79b 

rr --+ 3s 1 + 2LI1 7 .08 sh 

n --+ rr• 7 .42 7 .39b 

n --+ rr• + Ll2 7.50 sh 

Br4p --+ 5s2 7.75 7 .78b 

7 .90 

8.12 sh 

1T --+ 4s1 8.43 8 .40b 

Br4p --+ 5p2 8.65 8.66b 

1T --+ 4pl 8.76 8.75b 

1T --+ 5s1 9.10 9.07b 

Br4p --+ 5d2 9.28 9.26b 

1T --+ 6p 1• Br4 p --+ 6s2 9.41 b b 9.43, 9 .42 

rr --+ 8s 1 9.55 9.53b 

Br4p --+ 6pz 9.81 9 .77b 

IP1 9 .9 (9.83)d.e 9.8.r 9.87g 
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Transition Energy leV 

Assignment Present Results Previous Work 

Br4p -+ 6dz 9 .98 to.oob 

10.06b Br4p -+ 7s2 10.10 

Br4p -+ 9s2• Br4p -+ 8d2 10.50 2b b 10.5 ,10.50 

Br4p -+ 10s2 10.64 10.62b 

IP2 

IP3 

6. 

b 

c 

d 

e 

f 

g 

10.83 

11 .35 

11.55 

11 .70 

Uncertainty ± .1 eV for this band, ±.05 for all other bands. Extent of 
Franck-Condon envelope indicated by numbers in parentheses. 

Ref . 1. 

Subscript denotes IP to which Rydberg series is converging , i.e ., 1 = 
first IP, etc. 

Ref . 4. 

Vertical IP's (adiabatic in parentheses) 

Ref. 5. 

Ref. 6. 
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Table 2. Iron Penlacarbonyl 

Transition Energy /eV 

Assigrunent6 Present Results Previous Work 

3.35 shb,c 

3.62 sh 

5e'-+ 2a2 ', 5e' -+ be' 4.95 

5e' -+ 4e",3e" -+ 6e' , 6.18 
3e" -+ 4a2". 5e' -+ 7e', 
3e" -+ 4e", 5e' -+ 5e" ,3e" -+ 7e' 

7.22 

IP1 

SES 8.77 

SES 9.63 

SES 10.24 

SES 11.46 

SES 11.78 

a Assignments after ref. 8. 

b Uncertainties ±.05 eV for these transitions. 

c sh indicates shoulder. 

d Ref. 8. 

e Ref. 9. 

f Ref. 10. 

g Vertical IP. 

4.40d, 4 .39e 

5.15d, 5.06e 

6 .19d 

8.6d·g 



a 

b 

c 

d 

e 

f 

g 

h 
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Table 3. Cyclopropane 

Transition Energy / eV 

Assignrnent6 Present Results 

3e' ..... 3s 6.80b,c sh 

3e' ..... 3p 7.92 

3e' -+ 3p 8. 72 

3e' -+ 1a2 ' 10.18 

IP 1 

SES 13.35 

Assignments after ref. 12. 

Previous Work 

d . 1 
6.79?,6.53J, 6 .76 
6.93" 

7 .7~d · 7.80e,f,7.81g 
7.4 , 7.77m 

8 56~ . 8.6oe.f,8.67g,k 
8 .87 , 8.48m 

10. 3fi~ . 10 . 2fk 10.29g 
10.1?'1, 9.05 . 9. 731 

9 .72 " 

10.6n,o 

h f 13.5 , 13.0 

Uncertaintie s ±.05 eV for these transition s . 

sh indicates shoulder. 

Ref. 16. 

Ref. 17. 

Ref. 18. 

Ref. 19. 

Ref . 20. 

Ref. 13. 

Ref. 21. 
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k Ref. 22. 

Ref. 23. 

m Ref. 24. 

n Ref. 25. 

0 Vertical IP. 



-219-

Figure Captions 

Figure 1. Energy-loss spectrum of vinyl bromide between 5 and 11 eV 

with E0 =50 eV, e =zoe . 

Figure Z. Low angle (zoo) and high angle (50°) spectra of vinyl bromide 

between Z.5 and 7.5 eV energy-loss. 

Figure 3. Energy-loss spectrum of 1,Z dibromoethylene between 4 .5 

and 11.5 eV with Eo= 50 eV, e = 10°. 

Figure 4 . Low angle (10°) and high angle (40°) spectra of 1,2 dibro

moethylene between 2.5 and 7.5 eV energy-loss. 

Figure 5 . Energy-loss spectrum of iron pentacarbonyl between 2 and 1Z 

eV with E0 =50 eV, e = 0° . 

Figure 6. Energy-loss spectrum of cyclopropane between 6 and 19 eV 

with Eo= 50 eV, e = 10°. 

Figure 7 . Low angle, high energy (10°- 50 eV) and high angle, low energy 

(60° - 25 eV) spectra of cyclopropane between 6.5 and 10 eV 

energy loss. 

Figure 8. Energy-loss spectrum of tetramethyl tin with a) pyrolysis 

source off, b) pyrolysis source on, T= 800° C. For both spectra 

E0 = 100 eV, e = oo. 

Figure 9 . Energy-loss spectrum of tetramethyl tin with the pyrolysis 

source at 800° C. Eo= 100 eV and e = oo in the energy-loss 

region of 8 to 14 eV. 



w 
0 
~ 
0 
a::: 

~ CD 

~ 0 
>- I[') 

z II 

> w 

0 
0 

~ 
II 

Q) 

0 
l() 

-220-

Figure 1. 

~ 
......... 
w 
<J 



-221-

IOOr-----------------------------------
VINYL BROMIDE 

50 

5 

E0 =50 eV 

8: 20° 

X 100 

Eo = 50 eV 

8 = 50° 

3 

~E/eV 

Figure 2. 

7 



w 
2 
w 
...J 
>-
I 
~ 

~ 
0 ~ a:: 
CD 0 
0 1.(') 

I 

C\J II 

- w 

0 
0 
0 

0 
0 
II 

<X:> 

0 
0 
l() 

-222-

Figure 3 . 

0 

~ 
w 
<l 



........... 
u 
Q) 
(j) 
.......... 
JQ 
c 
B u 

' -~ 
()") 

c 
Q) -c 

-223-

1,2 DIBROMOETHYLENE 

E0 =50 eV 
400 e = loo 

200 

X 200 

\ 
0 

1,2 DIBROMOE THYLENE 
E =50 eV 

40 e = 40° 

3 4 5 

~E/eV 

Figure 4. 

6 7 



-224-

1---------------------.--------------~----~N 

~----------------~()~----------------~N 
() () 

() 

Figure 5. 

~ 
w 
<l 



-225-

L_ ____________________ L-------------------~~ 

0 
0 
L() 

pas;S41Jn0J)/ ,\~tsua~ul 

Figure 6. 

0 

:a; 
.......... 
w 
<J 



-u 
Q) 

(f) 
.......... 
1./l -c 
:::::::J 

Q 
.......... 
>--"Vi 
c 
Q) -c 

CYCLOPROPANE 

Eo= 50 eV 

400 8 = 10° 

200 

-226-

0~-=~=----L----~----L_ __ _J ____ _L ____ ~ 

2 CYCLOPROPANE 

Eo = 25° 

8 = 60° 

7 

6E/eV 
Figure 7 . 



.....--. 
f'(') 

0 
>C -u 
~ 
......... 
J!? c 
~ 
0 
~ .__, 
......... 
>. -V) 

c 
(1) -c 

Sn(CH
3

l
4 

E0 = 100 eV 

40 8= oo 

20 

0 
Sn(CH3l4 
E0 = 100 ev 

4 
8= oo 

-227-

( 0 ) 

( b ) 

6E/eV 
Figure B. 



-228-

r-------.---------------~---------------- ~ 

~ 
v 8 -~ 0 

:I: 0 
(.) II - II 

c 0 
Q) C/) UJ 

~------._------~------~--------------~ co 
~ C\J 0 

Figure 9. 

~ 
......... 
w 
<] 



-229-

CHAPrER8 

INTRODUCTION TO VARIABLE-ANGLE PHOTOELECTRON SPECTROSCOPY 

In this section of the thesis (chapters 8- 11) is introduced the tech

nique of variable-angle ultraviolet photoelectron spectroscopy. Since its 

development in the early 1960's, 1•2 photoelectron spectroscopy has been 

extensively used to study the electronic structure of both molecules and 

ions. As pointed out in the first chapter of this thesis, photoelectron 

spectroscopy and electron-impact spectroscopy provide mutually com

plementary information and as a result photoelectron spectroscopic data 

has found wide application in many of the same areas as electron-impact 

measurements. 

As was the case with electron-impact spectroscopy, photoelectron 

spectroscopy has had a long history. Einstein3 won the Nobel prize for 

his work on the photoelectric effect during the early part of this century. 

His work was one of the cornerstones in the development of quantum 

theory. The relation he obtained from his work is given in equation 1, 

Eelec = hv-IP (1) 

where Ee1ec is the kinetic energy the electron carries from the photoioni

zation event. This expression provides the basis for the interpretation of 

the photoelectron spectrum. 

Photoelectron spectroscopy may be performed on a wide range of 

targets . Typically the target consists of a gas-phase atom or molecule 

but it may be a solid, adsorbate on a surface, or a liquid. In this work we 

will be dealing exclusively with gas-phase targets. 

The radiation sources for these experiments can be vacuum ultra

violet rare gas resonance lamps,4 synchrotron radiation,5•6 or lasers.7•
9 



-230-

In this set of experiments we will make exclusive use of helium resonance 

radiation (hv = 21.22eV) . Photoionization in this energy regime probes 

the valence states of the molecule as opposed to the use of x-ray radia

tion which is generally used to examine the atomic core states. It is the 

valence region of the spectrum which is important in our experiment 

since the characteristics of the valence orbitals determine most of the 

chemical properties of the molecule. Orbital energies can be obtained 

from this experiment by the use of Koopmans' theorem10 which states 

that the ionization potential of the orbital is simply the negative of the 

orbital energy. This theorem assumes that electronic rearrangement in 

the ion is a slow process compared to photoionization; it has been found 

that in a large majority of cases this is a reasonable approximation. 

Determination of the orbital energies from the photoelectron spec

trum would therefore seem to be a trivial task but in practice this is not 

always so. Many organic compounds have photoelectron spectra in which 

the bands are strongly overlapped and the question arises of which band 

corresponds to what orbital. Methods of determining the orbitals respon

sible for bands in the photoelectron spectrum have included isotopic sub

stitution, vibrational analysis, and the use of different photon energies. 

In many cases these techniques have aided in assigning the photoelectron 

spectrum but almost all dictate that one has a fairly detailed theoretical 

understanding of structure of the system under study. The method of 

variable-angle photoelectron spectroscopy has provided an additional tool 

for the deciphering of the PES spectrum which in many cases can be used 

to determine the origin of the photoelectron band without requiring such 

a detailed knowledge of the structure of the molecule. 

It has been realized for a long time that the angular distributions of 
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photoelectrons from hydrogenic atoms 11 have the form, 

1(9) = a + b cos2e (2) 

where 9 is the angle between the incoming photon beam or polarization 

vector of the photons and the direction in which the electron is ejected. 

This formula was later shown to be valid for cases of more complex 

atomic and molecular photoionization.12-14 It will be shown in chapter 9 

that the shape of the angular distribution depends on the nature of the 

orbital from which the electron was ejected. This in principle allows one 

to distinguish between types of atomic orbitals such as s, p, and d. In 

cases of molecular photoionization, these orbitals are no longer purely 

atomic in character. Thus one expects the angular distribution informa

tion to be somewhat scrambled. However, it has been experimentally 

verified that some of these orbital distinctions, such as between u and TT, 

hold true even for molecules.l&lB By making use of this property of the 

angular distributions one has a powerful tool for making orbital assign

ments. Determination of (3 not only provides information concerning the 

spectroscopy of the target but it also contains a good deal of dynamical 

information as well. The asymmetry parameter is very sensitive to 

dynamical phenomena such as autoionization and shape resonances. 19 

The first experimental work on the angular distribution of photoelec

trons was performed by Chaffee in 1931.20 He used a polarized ultraviolet 

light source to ionize a beam of potassium atoms. By varying the polari

zation of his light source he was able to verify the cos28 dependence in 

the angular distributions of the ejected electrons. Little else was done in 

this field until Berkowitz and Erhardt21 studied the angular distributions 

of photoelectrons from rare gas photoionization using a sections grid 

type of analyzer. A little later Vroom et al.22 employed a single, movable 
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detector, as is done in this experiment, to study angular distributions. 

In chapter 9 of this thesis is outlined the theoretical origin of the 

form of the angular distributions and in chapter 10 the instrumentation 

used to perform such experiments is described. Chapter 11 concerns the 

application of this technique to the study of the electronic structure of a 

series of three-membered ring heterocyclic compounds. 

For further information on the techniques and applications of pho

toelectron spectroscopy one is referred to a few of a number of books on 

the subject.6•23"26 
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CHAPfER9 

THEORY OF PHOTOElECTRON ANGULAR DISTRIBUTIONS 

As with electron-impact in chapter 3, no attempt shall be made to 

present a detailed derivation of the theory of angular distributions in 

photoelectron spectroscopy. All that will be attempted is to show the ori

gin of the general form of the angular distributions. We begin by describ

ing the photoionization process in the context of the semi-classical treat

ment of the interaction of a radiation :field with a particle. 1•2 In this for

malism the radiation field will be treated classically and the motion of the 

particle will be described quantum mechanically. This theory is valid for 

absorption and induced emission processes but is not valid for spontane

ous emission where one must rely on quantum field theory for a satisfac-

tory treatment. 

We begin with the Schrei dinger equation for a particle of mass m and 

charge q in an electromagnetic field which is described by a vector poten

tial, A and a scalar potential, ~.3 

Having the quantum mechanical equation of motion for the particle, 

we now turn our attention to the form of the vector potential, A From 

the motion of a charged particle in an electromagnetic field, we can 

define the electric and magnetic field strengths in terms of the poten

tials, A. and ~.4 

E = _1 CJA- V~ 
c at 

H=VxA 

(2) 

(3) 
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By choosing the proper gage transformation so that 

rp=O (4) 

V·A= 0 (5) 

and then substituting the definitions of E and H into Maxwell's equations 

we arrive at the wave equation for the vector potential, A. 

0 (6) 

The solution to this equation has the form,3 

(7) 

where Ao is a complex vector which contains the information describing 

the intensity and polarization of the light wave and is defined as 

(8) 

and k is its propagation vector with r being the position coordinate on 

which A depends. We can now relate Ao to the intensity, I, of the incident 

radiation which turns out to be the Poynting vector averaged over a time 

27T lc.J of the oscillation,3 

~ExH)=J=~IAol 2 
47T 27TC 

(9) 

where I is given in units of power per unit area and, 

I Ao 12 = <Ao·Ao) (10) 

Bethe has specified the polarization of the light by realizing that Ao 

has a complex squared magnitude which is scalar with phase 28.5 

Ao·Ao = 1Ao·Aole2i8 ( 11) 

He has used this relation to obtain a form of the vector potential which 
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explicitly includes the polarization information.15 

A= .AoPexpi(k-r- tJt +I) + .AoPexpi(k·r- tJt +I) (12) 

The first term in equation 12 represents absorption and the second 

term emission. Thus by realizing t.hal photoelectron spectroscopy is an 

absorption process, we can write, 

A= AoPexpi(k-r- wt +I) (13) 

We can also see that for A to satisfy the relation V·A = 0 and to be a solu

tion of equation 6, the following relations must hold . 

P·k= 0 (14) 

'"' = kc (15) 

p.p = expi28 (16) 

where k is the magnitude of the propagation vector, k, and 8 is a real 

phase constant. 

We can simplify the Hamiltonian in equation 1 by applying the results 

of the gage transformation, i.e., V·A = 0 and rp= 0 and by noting that the 

ratio of the fourth term to the second term is on the order of eA/cp, 

where pis the momentum of the particle. This ratio is vanishingly small 

for the weak vector potentials and one electron excitation processes nor

mally encountered in valence photoelectron spectroscopy and thus the 

dropping of the fourth term is justified. This leaves us with the final form 

of the Hamiltonian, 

H =- Jt_V2 + ·ien A·V + V(r) 
2m me 

(1 7) 

If we consider the vector potential to be relatively weak, we may 

apply first order perturbation theory in order to solve the Scro dinger 
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equation. We may express the zeroth order or unperturbed Hamiltonian 

as 

Ho =- .!!_+ V(r) 
2m 

with the perturbation given by 

ie!r HI= --A·V 
me 

with the total Hamiltonian being 

(18) 

(19) 

(20) 

We can express the time-dependent wave function of the unperturbed 

Hamiltonian, 1/l(r,t), as a superposition of the unperturbed stationary 

states. 

(21) 

where the coefficients of the expansion are functions of time and are 

given by the following relation, 

(22) 

so that the wave function becomes, 

(23) 

Substitution of this wave function into the time-dependent Schro dinger 

equation yields, 

(24) 

Multiplying this equation from the right by rp:. and integrating using the 

fact that rp,: was picked to be orthogonal to f/J1c, then rearranging keeping 
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only the terms in the sum on the left-hand side of equation 24, where 

k = n, we are left with, 

(25) 

Now we must specify the intial conditions, in which 1/l(r,t =0) = 'Pm. At 

t = 0, Cm (t) = 1, where Cm (t) is the coefficient of the intial state and 

~ (t) = 0. Realizing that our perturbation, H 1, is small and as a conse

quence that Cm(t):!! 1 and ~(t)<l, we can replace Ck by omk and 

integrate from time t = 0 to t = t which yields, 

t 

~(t) = -;J <n IH 1 Im>exp"'~tdJ. 
0 

when <n I = rp;_ and lm> = 'Pm· 

(26) 

Substituting the expressions for H 1 and the vector potential, A. 

yields , 

when.: 

. t 
~ (t) = -; J <n I H 1 1m >expiw_t e:xp-iwt dJ. 

0 
(27) 

Upon integration of equation 27 and realizing that the probability of a 

transition occurring is given by, 

Prob. = c;,(t )Cn (t) (29) 

we obtain the probability per unit time. 
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This expression is the transition rate from a discrete initial to a 

discrete final state. In photoionization it is generally assumed that there 

are a continuum of final states. To determine the transition rate we must 

integrate the probability over a density of final states, p(n),6 

(31) 

where p(n)d.En is the number of states with energies between En and 

En + dEn. Recognizing that <n I H lim> and p(n) can be regarded as rela

tively independent of En such that they may be removed from the 

integral, we obtain upon change of variable and integration, 

W = 21T p(n)l<n IH lm>l 2 
IL 

which is known as Fermi's golden rule.6 

(32) 

The density of the final states may be found from the allowed values 

of k in a box such that, 

k • = 21Tn. Ito = 2'7f71v '" = 21Tn_ 
- L ' 11 L •""z L (33) 

Since the matrix element in equation 32 is directional dependent, we 

can thus define a group of states, kt, each of which correspond to an 

infinitesimal range of direction in which the electron is ejected.7 

Expressing this range in terms of spherical coordinates and using the 

fact that E~c = ftlk 21 2m, the following expression may be obtained, 

p(n) = ~; ksin8d8d~ (34) 

Substituting the expressions for H 1 and for p(n) into the rate equa

tion (equation 32), leaves us with 
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(35) 

where 

dO = sin8d8d'P (36) 

and the final state wavefunction is considered to box normalized to L - 3/ 2. 

This rate equation can be converted into a differential cross section 

in terms of the solid angle d n by dividing the rate by the incident 

current density, which is just the intensity divided by the energy per pho

ton. Remembering that the intensity was given earlier as the time aver

aged Poynting vector, we may express the incident current density, line, 

given by, 

(37) 

The differential cross section then becomes, 

(38) 

If r is taken to be the radius of the atom and k = CJ/ c , it can be 

shown for photoionization by He! radiation that k·r:!! 1/300 and thus the 

dipole approximation allows the expression expi(k-r) to be replaced by 1. 8 

The matrix element can be further simplified by making use of the rela

tions,9 

(39) 

(40) 

where H is the total Hamiltonian. This leaves us with the relation 

<n !VIm>= ~CJ <n I rim> (41) 
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where 

(42) 

Substitution of these expressions into equation 38 yields, 

(43) 

Recalling that the final state, <nJ, was box normalized so that it was 

proportional to L -:v 2 , allows all L dependence to be removed from the 

cross section. Any angular dependence of the cross section must thus 

originate from the matrix element, 

<n IP·rlm> (44) 

To show that the form of the angular distribution is a + b cos2e, we 

will follow the argument presented by Bethe and Salpeter10 ( see figure 

1), which was applied to the case of a hydrogenic atom. 

If the polarization direction of the incoming beam of photons is taken 

to be the x-axis, the matrix element takes on the form 

<n J.x lm> (45) 

This matrix element does not explicitly depend on the direction of 

the incoming light beam but it does depend on the angle, 9, between the 

polarization direction, P, and the direction of electron ejection, k . The 

intial state is discrete and thus depends on the quantum numbers n , m, 

and 1. The cross section will also depend on the quantization direction of 

Jm> and on the magnetic quantum number m>. If the cross section is 

averaged over all possible values of m from -1 to I, the average becomes 

independent of the quantization direction and thus the angular depen

dence of the matrix element comes from 9 . For the final state, the wave 
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function has the form of, 

<n I = N(erpi(h) + V(r )) (46) 

which is the sum of a plane wave and a spherical wave, V(r), for a 

hydrogen-like atom. If the direction of k is reversed then r .... -r and 

x .... -x and the direction of the quantization of lm> is also reversed. 

Since cos®= kzl k, changing k to -k changes cose to -cos8. <nlxlm> 

also changes sign but since the cross section is proportional to the square 

of the matrix element, it must be an even function of cos e. To show that 

the differential cross section also has the form a. + bcos29, we can define 

a new coordinate system, shown in figure 2, in which k is taken to be the 

polar axis using the spherical coordinates, r, e·, and rp '. From the addi

tion theorem of spherical harmonics, x in equation 45, may be written as, 

:r = P·r = rcos8" = r(cos8cos8' + sin8sin8'cos8') (47) 

The matrix element depends on e only through the terms in equation 

47 , which are linear in sin 8 and cos 8. The cross section is obtained by 

summing the absolute values of the squares of the matrix elements aver

aged over all possible m values. From previous symmetry arguments, it 

is known that the cross terms in cos8sin8 must vanish and thus, 

(48) 

from which, 

(49) 

Cooper and Zare 11 used angular momentum coupling and vector cou

pling theory to calculate the differential cross sections for both atomic 

and molecular systems. They showed that the angular distributions of 
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photoelectrons for linearly polarized light have the form, 

d a _ uto t [ ( )] ctO - 41f 1 + {3P2 cos8 (50) 

where P 2(cos 8) is the second Legandre polynomial and is equal to 

~3cos2e - 1) and 8 is the angle between the incident photon beams 

polarization vector and the outgoing electrons direction. For atomic 

cases they found {3 to have the form, 

{3 = L(l+l)o,2_1 + (l+1)(l+2)af+1 - 6l(L+l)a,+la,_1cos(c5,+l- c5,_1) (
5

l) 

2(L+l)[ta,_1 + (l+l)a,2+1] 

where 1 is the orbital angular momentum of the intial state, c5L+l• c5,_1 are 

the phase shifts , and a,_1 , aL+1 are the radial dipole integrals for the 1-1 

and 1+ 1 outgoing waves which are of the form, 

-
au= J rR111. Gtt±1(r)dr 

0 
(52) 

In equation 52, R111. (r) is the radial wavefunction of the intial state 

and ~l±l is the radial wave, divided by kr, of the continuum states. For a 

physically correct cross section, {3 may take on any values between 2 and 

-1. For the case of {3 = 2 the angular distribution is cos28 about the 

polarization vector, P. For {3 = -1 , it is one of sin28 and for {3 = 0 the dis

tribution is isotropic. For an s type electron, {3 will be 2 but for a non-s 

type electron {3 will depend on the interference between the partial waves 

1+1 and 1-1. 

Cooper and Manson 12 have obtained the differential cross section for 

non-polarized light by considering it to be an incoherent superposition of 

two polarized light beams that have one polarization direction in the 

plane of the incident radiation and ejected electron and the other per-
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pendicular to it. The expression they derived for the differential cross 

section is given below, 

du (53) 

where e is now the angle between the incident photon beam and the 

direction of the ejected electron. 

Several groups13-15 have extended this formalism to molecular pho

toionization and have shown that the general form of the angular distri

bution derived for atoms was still valid assuming that the molcules were 

randomly oriented in space and that photoejection occurs on a time scale 

which is fast compared to molecular rotation. Buckingham et al. 15 have 

derived a formula which explicitly includes the effects of rotation. They 

found that the angular distributions for rotationally resolved transitions 

were different than for rotationally unresolved ones. Peshkin 16 has 

predicted the general characteristics of the angular distributions by use 

of symmetry arguments and again assumes unoriented targets . 

Cooper and Zare 14 also treated the case for two photon ionization 

and showed that the general form of the angular distributions to be 

(54) 

Jacobs17 has generalized this formalism to treat n photon ionizations . 

His expression is given below. 

(55) 

In theory all that is needed to calculate photoelectron angular distri

butions are accurate intial and final state wave functions . The discrete 

intial state wave functions can be determined to reasonable accuracy for 
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many small molecules but treating the continuum final state wave func

tions is a difficult task. Parallel to theoretical calculations for electron 

scattering, (see chapter 3), a number of approximate methods have been 

developed to deal with this problem. We will not describe any of the 

methods used in calculating the angular distributions but instead we 

shall refer the interested reader to the appropriate reviews18-20 and the 

references they contain. 
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F1gure Captions 

Figure 1. Diagram illustrating the Bethe-Salpeter10 argument for the 

symmetry of ~~ about a perpendicular to the light polariza-

lion axis. 

Figure 2. Diagram illustrating the coordinate system used in the Bethe

Salpeter10 argument for the a + bcosa form of the angular 

distributions. 
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CHAPTER 10 

EXPERIMENTAL VARIABlE-ANGLE PHOTOElECTRON SPECTROSCOPY 

This chapter will focus attention on the instrumentation of the 

variable-angle photoelectron spectroscopy experiment. This instrument 

has been described in detail previously1-3 and will only be briefly 

described here. Emphasis will be placed on the changes made in the 

instrumentation since the last documentation.4 

A block diagram of the instrument is shown in figure 1. Ultra-high 

purity (UHP) helium flows through a liquid nitrogen (LN2) cooled zeolite 

trap into a DC discharge rare gas resonance lamp. The discharge within 

the lamp produces 584 A vacuum ultraviolet (VUV) radiation which is then 

collimated and enters a scattering chamber where it interacts with the 

target gas. The target gas is usually maintained at a pressure of 1 to 10 

microns, depending on the sample. Care must be taken to keep the sam

ple pressure low enough to avoid multiple collisions. Photoelectrons pro

duced from the target-photon interactions leave the scattering chamber 

through a slot and are then collimated and decelerated by a set of elec

trostatic lenses. The electrons enter a 180c hemispherical analyzer 

where they are energy selected. Electrons leaving the hemispheres are 

then accelerated and focused by another set of lenses onto the front cone 

of a spiral electron multiplier (SEM) . Electrons impinging upon the SEM 

are multiplied and the resulting voltage pulse, usually 50 to 100 mV, is fed 

into a pulse amplifier-discriminator (PAD). Here the pulses are amplified 

and shaped before being sent to the computer interface. The electros

tatic lenses , hemispherical analyzer, and the SEM are all mounted on a 

large rotating gear which allows the detection system to be rotated about 

the scattering center in a range from 40c to 120c with respect to the 
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incoming photon beam. The pulses generated by the PAD are then chan

neled into a DEC PDPB/e minicomputer which effectively functions as a 

programmable multi-channel scaler. Here the pulses are counted and 

the resulting spectra are displayed on an oscilloscope or plotted on an X

y recorder. The spectra may also be output on punched paper tape. The 

entire vacuum chamber of the spectrometer sits within three pairs of 

Helmholtz coils which nullify the earth's magnetic field to within .2 

mgauss. Each major component system of the instrument will be 

described in greater detail in the following sections. 

a} Vacuum system 

The main vacuum chamber (figure 2) is pumped by a 6" oil diffusion 

pump which is isolated from the main chamber by a cryotrap. Cooling 

for the trap is not provided by LN2 but by a Polycold PCT-200 mechanical 

cold trap chiller. The diffusion pump is backed by a 6.1 liter /sec 

mechanical vacuum pump which has a freon baffle located between it and 

t he diffusion pump. The pumping stack may be isolated from the main 

chamber by a 6" pneumatically controlled gate valve which is interlocked 

to isolate the pumping system in case of an overpressure. 

The internal portion of the instrument is mounted on an 18" :flange 

which in turn is mounted on a cart so that it may be rolled away from the 

main chamber to allow easy access for maintenance of the instrument 

(figure 3). This :flange also contains all of the electrical and mechanical 

feedthroughs along with the feedthroughs for the lamp cooling, 

differential pumping, and He inlet lines. The pressure within the main 

chamber is monitored using an ionization gauge and the ionization gauge 

controller is connected to the main interlock, which shuts down the 

diffusion pump, polycold, and other equipment which might be damaged 
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should an overpressure occur. The pressure after one day of pumping is 

typically 2 x 10-6 torr, after 2 days it is about 3 x 10-7 torr. With the 

lamp operational and a sample gas present in the scattering chamber, 

typical operating pressures range from 2 x 10-8 to 1 x 10-5 torr, depend

ing on the sample pressure being used. 

b} Lamp 

UHF helium first flows through a LN2 cooled zeolite trap before enter

ing the back of the lamp through a feedthrough on the main flange . This 

is done to remove any H20 and other condensable impurities which might 

cause impurity lines in the lamp's spectral output. A cross sectional view 

of the lamp is given in figure 4 . He enters the discharge region where an 

arc is sustained through a quartz capillary between a copper wire anode 

held at +300 to 550 volts and a tungsten cathode held at ground poten

tial. The region between the discharge and the main chamber is 

differentially pumped by two mechanical pumps located in a lamp service 

stand. This is done so that the flow of He into the main chamber is 

reduced and so that as much He as possible is removed from the light 

path to minimize the losses brought on by self-absorption of the 584A 

light by ground state He atoms. The lamp is powered by a high voltage DC 

power supply which is current limited by a 300 watt network of ballast 

resistors. This power supply has also been tied into the main interlock in 

such a way that if a fail occurs, the lamp will be shut off to prevent darn

age. An interlock system has also been built so that loss of lamp coolant 

will shut off the lamp. Typical operating parameters for the lamp are 

tOOrnA and 400volts at the power supply, with a helium pressure at the 

inlet line of approximately 10 torr. The actual pressure within the 

discharge region of the lamp is nat known since there is glass wool pack-
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ing at the rear of the starter electrode, which was installed to prevent 

back-arcing . It is estimated, however, that the helium pressure in the 

discharge region is of the order of .5 to 2 torr. The optimum pressure for 

stable lamp operation is determined by monitoring the photon fiux at the 

photocathode as a function of helium inlet pressure. The pressure is 

adjusted until the photon fiux is maximized and is usually re-adjusted 

once a day when tile lamp is operational. The photon fiux under optimum 

conditions has been estimated to be on the order of 2 x 1011 

photons/second. With everything functioning properly, the lamp may be 

run continuously for 2 to 3 weeks. The design of the lamp is such iliat it 

may be used with oilier rare gases such as neon, which emits light at 736 

and 744 A. The lamp does not produce significant amounts of Hell (304 A) 

radiation, but it does produce small amounts of 537 A and 522 A light at 

2% and .5% of the intensity of the 584 A line, respectively. 

Due to the low intensities of photoelectrons from many of the organic 

molecules now under study, it was desirable to design a new light source 

with increased intensity. The new VUV lamp based on the design of 

Heinzmann and Schonhense5
·
6 is shown in figure 5. The operating condi

tions of this lamp are somewhat different and will be discussed below. 

The major difference in the design of this lamp from that of the pre

vious one is the reversal of the positions of the cathode and anode. One 

problem with tile previous lamp design was that sputtering of the cathode 

plugged the collimating apertures. In this design the sputtering of the 

cathode does not affect the collimation apertures since it is located at 

the He inlet end of the discharge capillary. The lamp discharge operates 

at a pressure of from 2 to 5 torr as measured by the gauge at the He inlet 

on the lamp stand. Typical operating voltages range from 600 V to 800 V 
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with the current. varying from 75 to 150 rnA. The higher operating vol

tages of this lamp necessitated a new power supply (3 kV, 500 rnA) which 

could maintain the voltages needed for lamp operation. The discharge is 

initiated by simply applying 1.5 to 2 kV across the electrodes. The spec

tral purity of the VlN light under the aforementioned operating condi

tions is identical to that of the previous lamp. 

The intensity of this lamp, as measured by the count rate of the Ar 

2p:v 2 ionization signal is typically 5000 counts/second-micron. Under 

ideal conditions as many as 10,000 counts/second-micron have been 

obtained. This is approximately 20 to 50 times the typical intensity of the 

old lamp and corresponds to photon fluxes of 4 to 8 x 1012 

photons/second. 

There are, however, several problems which must be dealt with 

before the full benefits of this high intensity light source can be realized. 

It was found that even though the signal was increased by a factor of 20 

to 50, the background also increased by the same amount. This is most 

likely due to photoelectrons from the target and sample chamber walls 

scattering about the sample chamber and then finding their way through 

the electron optics. It was also discovered that the angular distributions 

were not reliable and varied widely in the patterns of asymmetry 

observed. This was probably due to surface charging effects involving the 

photocathode and chamber walls. Both of these problems can be elim

inated by going to a molecular beam type of target. The studies 

presented in chapter 11 of this thesis were peformed using the old lamp 

design. 

c) Scattering chamber a.nd inlet system 

The scattering chamber, figure 6, is constructed of three coaxial 
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shells of gold plated copper. The inner and outer shells rotate with the 

analyzer while the middle shell remains fixed to the base of the scatter

ing chamber. Light enters the chamber via a small aperture and passes 

through the slotted inner chamber where it interacts with the sample 

gas. The radiation which does not interact then passes on through to a 

titanium photocathode, mounted on the wall of the middle chamber, 

where the photon flux is monitored. The sample gas enters the scattering 

chamber through a 1 /4" diameter hole in its base. The pressure inside 

the chamber is continuously monitored by a capacitance manometer. 

The design of the scattering chamber is such that the pressure changes 

as a function of the detector angle. As a result, the pressure must be 

measured frequently since the count rate obtained must be normalized 

to the sample pressure. This requirement also restricts the operation of 

the instrument to regions of sample pressure where the count rate is a 

linear function of the sample pressure. With 2 to 5 microns of sample gas 

present in the scattering chamber, the pressure in the main chamber 

rises to between 2x10-6 and 1x10-5 torr. 

The external portion of the inlet system consists of a glass manifold 

with a five liter ballast bulb. This inlet manifold is attached to a variable 

leak valve which controls the rate of sample flow into the scattering 

chamber. Usually the sample manifold is pumped down to between 5 and 

10 microns before a sample gas is admitted. If the sample is a gas it is 

usually loaded at pressures ranging from 10 to 14 psi. If the sample is a 

liquid, it is subjected to vacuum distillation and degassing by freeze

pump-thaw cycles. Liquids are usually admitted directly into the mani

fold at their room temperature vapor pressure. 

A pneumatically controlled shutoff valve was installed between the 
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leak valve and the sample inlet feedthrough into the main vacuum 

chamber. This was connected to the interlock so that if the pumping 

were to shut down, the sample gas ftow would be cut off. This was done to 

avoid filling the vacuum chamber with the sample and possibly damaging 

some sensitive components. 

d) Electron energy analyzer and detection system 

The electron energy analysis and counting system consists of two 

sets of electrostatic lenses, a 2.5" mean radius hemispherical electron 

energy analyzer, and a SEM, and is shown in figure 7. The entire analysis 

and detection system is mounted on a 20 ern diameter gear and can be 

rotated through the angles of 40° to 120° with respect to the photon 

beam. This range is determined by the physical interactions within the 

vacuum chamber. All of the lens elements and hemispheres are con

structed of OFHC copper and are gold plated. This inner sleeve of the 

scattering chamber as well as the surfaces of the electrostatic lenses and 

hemispheres are coated with a thin layer of graphite. This provides uni

form surface potentials and helps increase the signal to noise ratio by 

reducing the number of electrons reflected off these surfaces. 

Photoelectrons leaving the interaction region are first decelerated by 

the chamber side lens system to the voltage at which they are to be 

analyzed, usually 1.5 eV. The difference between the intial energy of the 

electrons and the voltage at which they are to be analyzed is referred to 

as the sphere center voltage and is used as the reference point for all the 

analyzer element voltages. The operation of the analyzer is such that it 

will only transmit electrons of 1.5 eV kinetic energy. Once the electrons 

have traversed the hemispheres, they are accelerated to about 7 volts 

and are focused onto the front cone of the SEM. The voltage across the 
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SEM is set to provide an electron gain of about 108 . The resulting elec

tron pulses pass through a pulse amplifier-discriminator before being 

sent on to the counting electronics. Typical count rates resulting from 

the Ar 3P312 ionization range from 250 to 400 counts/second-micron with 

the original lamp design. 

e) Helmholtz coils 

From previous experience it has been found that magnetic fields in 

excess of .2 milligauss within the electron energy analyzer lead to spuri

ous angular distributions. To minimize the magnetic fields, the vacuum 

chamber is lined with a .050" layer of ~-metal. The entire vacuum system 

is also located in the center of three pairs of Helmholtz coils, measuring 

approximately 10 feet per side.2 By adjusting the current flowing through 

the coils, all magnetic fields can be nullified such that the field gradient 

within the analyzer region of the instrument does not exceed .2 milli

gauss. The fields are checked by mounting the probe of a gaussmeter on 

the analyzer and rotating it through its operating range. 

J) Computer system 

The entire experiment is under the control of a PDP 8/e minicom

puter with 12k bytes of memory. The peripheral devices controlled by 

this computer include a high speed paper tape reader, high speed paper 

tape punch, a 120 hz real time clock, and three channels of digital to ana

log conversion (DAC). Two of the DAC channels are used to drive an oscil

loscope display or X-Y recorder while the third channel provides the vol

tage used to sweep the electron energy analyzer. 

The remainder of the computer interfacing consists of three major 

components. The first of these is a counter with a six digit LED display. 

The counter accumulates the number of pulses received from the pulse 
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amplifier over a user specified time period, usually 1 second, and displays 

the number of counts on the display. The second interface unit consists 

of a four bit sense and 12 bit drive register. At present only the angle 

drive sense is in use with the remainder of the registers being disabled. 

The drive register controls the warning blinker. angle drive motor. multi

plexer, paper tape punch, terminal, X-Y recorder pen control. and audio 

alarm. The third interface unit is an analog to digital converter (ADC) 

which allows the lens voltages, ample pressure, and lamp flux to be read 

into the computer via the multiplexer. The computer also has available 

software which allows data analysis to be carried out even though this 

method of data analysis is no longer in use. 

g) Computer software and da.ta handling procedures 

The details of the data aquisition and analysis software of the PDP 

8/e have been described in detail elsewhere,2 and will only be very briefly 

reviewed here. 

The data acquisition program in the PDP 8/e has the capability of 

storing spectra in up to 512 channels, each with a capacity of over 8x106 

counts. During actual spectral acquisition, the counter accumulates 

counts over a fixed interval set by the user. At the end of this interval 

the counts are loaded into memory and the DAC voltage, which controls 

the electron energy analyzer, is incremented. When a scan is completed, 

the sample pressure is measured and the process repeated until the 

preset number of scans set by the user is reached. After the last scan is 

complete. the computer calculates the average sample pressure and 

prints this out on the terminal. The computer also performs a partial 

analysis of the spectrum by applying a smoothing routine devised by Sav

itsky and Golay.' A derivative algorithm is also applied to the spectrum 
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to determine the locations of the peaks present. All of this information is 

then punched out on paper tape and printed on the terminal. 

Formerly, the data was analyzed using the available software on the 

PDP 8/e but this was a very time-consuming procedure. Data is now 

transferred from punched paper tape to a PDP 11/03 located in 05 Noyes 

where it is stored on floppy diskettes. The program which accomplishes 

this transfer was written by D. J. Flanagan and will be described in detail 

in her thesis. The data is transferred from floppy diskette to the depart

mental VAX 11 /780 computer where the data analysis and plotting is car

ried out. The data analysis programs for the VAX were also written by D. 

J . Flanagan and will be described in detail in her thesis. 

h) Daia acquisition procedure 

Once the magnetic fields have been zeroed and the performance of 

the instrument checked by its ability to reproduce the Ar 2p312 fJ value 

of .88+.02, the instrument is ready for operation. First a sharp or intense 

feature in the spectrum is found and the dependence of the count rate on 

the sample pressure is determined. The results are plotted and the sam

ple pressure adjusted by means of the leak valve such that it falls within 

the region where the count rate is still linear with the sample pressure. 

Once this is done , a scan over the entire electron energy range, usually 

about 12 eV, of the spectrum is performed. This is always done at the 

magic angle, 8 = 54.7°, since at this angle the relative intensities of the 

features of the spectrum are independent of {J. The resolution of the 

instrument during operation is typically set between 35 and 50 meV as 

measured by the FWHM of a rare gas ionization peak. Once the location 

of the bands has been determined from the full scan, spectra are taken 

over each band, usually 1 - 2 eV in width, at 9 angles ranging from 45° to 
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120°. The channel spacing is typically set at 15 meV with a dwell time of 

around 30 seconds for most bands of the molecules studied here. The 

computer may accept instructions read in on paper tape, which is neces

sary since a full set of spectra comprising an angular distribution meas

urement may take anywhere from 4 to 12 hours. 

After each band is completed, a short scan is taken over a sharp or 

otherwise prominent feature in the specrurn for energy calibration pur

poses. When all of the bands are completed, an energy calibration is usu

ally performed by adding some Ar to the sample gas and measuring the 

spectrum of the mixture. If a more complete energy calibration is 

desired one may add a calibration mixture consisting of Ar, Kr, Xe, and 

ethylene. Generally this has been found to be unnecessary since any con

tact potential shift is almost always linear over the entire spectrum. 

Once the energy calibration has been completed, background spectra are 

taken with no sample gas present. If any bands display resolvable struc

ture, high resolution spectra are measured at 8 = 54.7° with 

.6E = 15- 10meV. 
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Figure Captions 

Figure 1. Block diagram of the variable-angle photoelectron spectrome

ter. He, cylinder of UHP helium. ZT, liquid nitrogen immersed 

zeolite trap for lamp helium supply. RB, lamp ballast resistor. 

IPS, lamp power supply. SC, sample chamber. PC, photo

cathode for li,ght flux measurement. CL, electrostatic lens ele

ments before the hemispherical analyzer. ANALyzER. 180° 

hemispherical electrostatic electron energy analyzer. ML, 

electrostatic lens elements between hemispherical analyzer 

and detector. S, Spiraltron electron multiplier. CPS, power 

supply to spiraltron cathode. APS, power supply to spiraltron 

anode. R.C. differentiating network for Spiraltron pulses. 

PDP 8/e, Digital Equipment Corporation PDP 8/e minicom

puter. INTER, counting system interface to experiment. OUT

PUT, computer output devices to user. 

Figure 2. General view of variable-angle photoelectron spectrometer 

vacuum system. 

Figure 3 . Side view of apparatus where the main flange is separated 

from the vacuum chamber (not drawn to scale). 

Figure 4 . Section view of lamp. Hatched and stipled parts, except for 

the stainless steel lamp anode, A, are of aluminum and consti

tute the lamp body. K, tungsten cathode. C, quartz discharge 

capillary. HV, high voltage power lead. S, starter electrode. 

He, helium inlet. OA, lamp flux outlet capillary. DP, 

differential pumping connections. WAT, water cooling inlet 

(outlet not shown). M, Mica spacer. CE, water cooling 

envelope inside lamp body. Flows of Helium and water are 
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indicated by the arrows. 

Figure 5 . Section view of new lamp. Hatched and stipled parts of lamp 

show the different materials from which the lamp is con

structed and are explained in the legend on the figure . He, 

helium inlet. H20, water inlet. K, beryliurn-copper cathode. A, 

beryliurn-copper anode. DC, quartz discharge capillary. CCh, 

cooling channels. CC, light collimation capillary. Direction of 

flows of helium and water are indicated by the arrows. 

Figure 6. Sectional and external views of sample chamber. Hatched 

areas are sections of the inner and outer shells . OS, outer 

shell. MS, middle shell. IS, inner shell. GI, gas inlet. HS, heli

cal slot. GS, guide screw for helical slot. U, light inlet. 

Motion of OS and flow of samples are shown with vertical 

arrows. 

Figure 7. Section view of electron energy analyzer and sample chamber 

in the plane of the electron ·trajectories. Hatched areas 

include BN, a boron nitride mounting block for S, the Spiral

tron, and part of CIS, the inner shell of the sample chamber. 

COS, outer shell of sample chamber. PC, photocathode. 

LE, light entrance. Cl, HC, HM, and Ml lens elements. LS, 

aluminum supports for lens elements. IS, inner hemisphere . 

OS, outer hemisphere. ISC, corrector electrode for inner hem

isphere. OSC, corrector electrode to outer hemisphere. AL, 

aluminum enclosure for Spiraltron. CF<AF, electrical 

feedthroughs for Spiraltron. AR, resistor from Spiraltron 

anode to anode plate A. 
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Figure 2. 
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Figure 4. 
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CHAPTER 11 

Paper III: 

The Angle Resolved Photoelectron Spectroscopy of 

Cyclopropane, Ethylene Oxide, and Ethylenei.mine 
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The Angle Resolved Photoelectron Spectroscopy of 

Cyclopropane, Ethylene Oxide, and Elhyleneimine8 

C. F. Koerting,b D. J. Fla~agan, and A. Kuppermann 

Arthur ATTWs Noyes Laboratory of Ol.emical Physics,c. 

California Institute of Technology, Pasadena, CA 91125 

(received ) 

Photoelectron angular distributions have been measured for the first 

time for ethylene oxide and ethyleneimine using Hel radiation. The meas

ured anisotropy parameters, {3, along with those for cyclopropane were 

used to confirm orbital correlations and photoelectron spectrum band 

assignments . The {3 for the high-lying Walsh or Forster-Coulson-Moffitt 

orbitals did not have the large values characteristic of 7T orbital ioniza-

tions in the alkenes. 
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I. INTRODUCTION 

It has been previously shown that the measurement of the angular 

distributions of photoelectrons can be used to analyze the orbital assign

ments of the corresponding photoelectron. 1·3 These angular distributions 

furnish more information about the electronic structure of the molecules 

than do the fixed angle photoelectron spectra alone . 

The angular distribution of the photoelectrons resulting from the 

interaction of unpolarized light with a randomly oriented target can be 

described in terms of the differential cross section daif/ dr of the process 

which is given as4
•
5 

daif aTOT if [ flilP2 ( ) J --= 1 - -- cos {:} 
dr 4rr 2 

wher e aToT if is the total ionization cross section from initial target state i 

to the ionic target state f, {:} is the angle between the directions of the 

ejected electron and the incident photon beam, flit is the asymmetry or 

anisotropy parameter for the process, and P2 (cos8) is the second Legan

dre polynomial . flit is restricted by the fact that the cross section must 

be positive to values between -1 and 2. fl is dependent on the kinetic 

energy of the photoelectron as well as the characteristics of the orbital 

from which it was removed, including its angular momentum.6 This 

makes fl a sensitive probe of some of the details of the electronic struc

ture of the target molecule . Previous work has shown that differences in 

fl can be used to distinguish betwe en ionization processes involving a- and 

rr-type orbitals .1·7 -11 

The three-membered ring compounds possess unusual chemical and 

structural properties. Much work has been done in exploring the conju

gative properties of cyclopropane.12
·
13 In these studies, much has b een 
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said about the similarities between cyclopropane and alkenes in terms of 

reactivities. Even the Auger electron spectra 14 of cyclopropane more 

closely resemble that of an alkene than of an alkane. Several bonding 

schemes have been proposed by Walsh, 15- 17 Forster18 and Coulson and 

Moffitt. 19-20 Their schemes have been examined in detail by Honegger et 

al.21-22 who have come to the conclusion that the alkene-like behavior of 

cyclopropane is due to the high orbital energies of its highest occupied 

molecular orbitals. 

In this work we present the results of measurements of the asym

metry parameters for the Hel photoionization of cyclopropane, ethylene 

oxide, and ethyleneirnine. The photoelectron spectra of these molecules 

have been published previously2
6-

40 but it is hoped that asymmetry 

parameter measurements will provide additional information concerning 

the bonding in this series of compounds as well as elucidate the similari

ties and differences in this series of molecules. 

ll. EXPERIMENTAL 

The apparatus used in these studies is basically the same one 

described previously, 10 and we will only briefly describe it here. A block 

diagram of the instrument is given in figure 1. A helium discharge lamp 

is used to produce the 584 A radiation which then interacts with the sam

ple gas present in the scattering chamber. The pressure of this gas is on 

the order of a few millitorr and is continuously monitored via a calibrated 

capacitance manometer. The electrons resulting from the photoioniza

tion of the sample gas are then energy-analyzed by a 6.8 ern mean radius 

hemispherical electrostatic energy analyzer, and detected by a spiraltron 

electron multiplier. The detector and analyzer are mounted on a gear 

and can be rotated from 45° to 120° with respect to the incident photon 
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beam. The entire spectrometer is located within a vacuum chamber 

lined with a single layer of 0.050" ~-metal and surrounded by three pairs 

of square Helmholtz coils . These coils and the ~-metal serve to lower the 

residual magnetic field to less than 0.2 milligauss . The entire instrument 

is under the control of a PDP 8/e minicomputer which stores the counts 

from the electron multiplier. increments the analyzer voltages, monitors 

the sample pressure. and scans the scattering angle. Background counts 

are subtracted before fJ is calculated and the performance of the instru

ment is checked by its ability to reproduce the fJ for the 2P 312 state of 

argon which has previously been reported as being 0.8810 using this 

instrument. The typical energy resolution of the work presented here is 

between 40 and 50 meV as measured by the FWHM of the 2P 3/ 2 peak of 

argon. 

Samples of cyclopropane and ethylene oxide were obtained as gases 

from Matheson Gas Products and had stated purities of 99% and 99. 7%, 

respectively. These were used without further purification. Ethyleneim

ine was obtained from Columbia Organics and had a stated purity of 

>97%. This liquid was degassed by application of several freeze-pump

thaw cycles and vacuum distilled prior to use . No extraneous peaks due 

to impurities were observed in any of the spectra. 

lll. RESULTS AND DISCUSSION 

a} Cyclopropane 

Cyclopropane has been the most studied member of the three

membered ring series. A number of previous PES studies exist23
-

29·37·38·40 for this molecule and the relevant ones are summarized in table 

1 along with the results of the present work. The assymmetry parame-

ters for cyclopropane have been previously determined23 and are also 
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summarized in table 1. The Hel spectrum along with the fJ spectrum are 

shown in figure 1. The Hel spectra agrees well in general appearance with 

published Hel spectra.23·24•26•36·37•39 Minor differences exist in the rela

tive intensities of some of the bands but this is most likely due to the 

varying electron transmission functions of the electron energy analyzers 

used in the various studies. The other cause of this difference is that the 

published spectra were all recorded at a 90° angle. The spectrum we 

display in this paper are recorded at 54. ? 0
, the so-called "magic angle" as 

~rif is proportional to aif tot because P 2{cose) in equation 2 vanishes at 

e = 54.?0
• 

The first band of the cyclopropane photoelectron spectrum is Jahn

Teller split into two components41-43 having a vertical ionization potential 

(IP) at 10.51 and 11.26 eV, respectively. We have measured fJ for these 

two components to be 0.46 ± .0? and 0.44 ± .10, respectively, and 

observed no appreciable change in fJ across the two components of this 

band. This is similar to the results reported by Carlson for the Jahn

Teller split first band of methane44 where no significant variation of fJ 

over the split band was observed. This result is different from benzene 

where a significant variation over a Jahn-Teller split band was observed.8 

This result also confirms the observations of Leng and Nyberg23 even 

though their values for fJ are higher than ours, possibly due to instrumen

tal artifacts. 

The second band in the spectrum is also theoretically predicted to be 

Jahn-Teller split.42•43 The calculated splitting is small and has so far been 

observed , because of overlapping vibrational progressions. Hasselbach42 

has also concluded that since the 1e" orbital is primarily composed of 

Pw(C-H)-type "outer" orbitals, the distortion of the carbon skeleton will 
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affect it to a much lesser extent than it will the p 0 (C-C) "inner" orbitals 

which compose the 3e' orbital. {3 has been determined to be 0.32 ± 0.5 for 

this band in crude agreement with the value of 0.43 ± 0.05 obtained previ

ously.23 

There is some question regarding the assignments of the overlapping 

bands observed at 15.74 and 16.66 eV. All of the theoretical calculations 

done so far, 27·45-54 both semi-empirical and a.b initio, assign the lower 

electron energy band to ionization from the la2" orbital. Evans et al.36 

have suggested that the assignments of the third and fourth bands should 

be reversed. This was done on the basis of comparison with the PES spec

tra of P 4 and a vibrational analysis of the fourth band. Schweig and 

Theile28 have also supported this assignment on the basis of intensity 

variations between the Hel and He II spectra of cyclopropane and some of 

its heterocyclic derivatives. Our measured {3's are quite different for the 

two bands, 1.18 ± 0.05 and 0.67 ± 0.04 for the third and fourth bands, 

respectively. This agrees with the values of 1.26 ± 0.05 and 0.65 ± 0.10 

obtained by Leng and Nyberg23 for the same bands supporting the initial 

assignments on the basis of their measurements. Their argument was 

based on the nodal properties of the two orbitals involved. The 3a' orbital 

is "internal" C-C bonding and may contain appreciable carbon 2s charac

ter .36 The nodal properties of this orbital resemble closely an atomic s

type orbital which would account for the high {3 observed for this C-C a 

type orbital. This argument seems to be supported by the orbital 

diagrams of Jorgensen and Salem55 We concur with the conclusions 

reached by Leng and Nyberg23 that support the theoretical predictions of 

the order of these two states. 

For the fifth band at 19.51 eV we obtain a {3 of 0.40 ± 0.08 which is 
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substantially lower than the value of 0.90 ± 0.10 observed previously.23 

Measurements in this region of the spectrum are difficult since the back

ground is large and signals small. This band lies in the low electron 

energy portion of the spectrum where differing instrumental effect can 

become more pronounced and produce a large difference in the values 

obtained for {3. No autoionization effects as postulated by Lindholm52 

manifested themselves in the angular distributions . A need for a 

thorough study of {3 vs. photoelectron energy is needed for the third and 

fourth bands in order to further clarify their assignments. 

b) Ethylene oxide 

The observed IP's and {3 's are summarized in table 2. The PES spec

trum and {3's are shown in figure 3. This spectrum agrees quite well with 

previous ones.27
·
33

•
38

-
40 The first band appears as a sharp set of vibra

tional progressions with its vertical IP at 10.57 eV. This band has been 

assigned to the 2b1 orbital since it is non-bonding in character and calcu

lations show that it is primarily localized on the lone-pair orbitals of the 

oxygen atom. The vertical {3 for this band has been measured to be 0.36 

± 0.05 which is reasonably close to that obtained for the lone-pair ioniza

tion in furan (f3vert = 0.56 ± 0.11). Band II occurs at 11.77 eV and has a 

f3vert = 0.38 ± 0.7. The originating orbital has been assigned as the aa1 

orbital. According to Basch' s et al.27 correlation diagram, this orbital 

correlates with the 3e' orbital in cyclopropane which is primarily a(C-C) 

in character. The {3's would then be expected to be similar, which they 

are, 0.38 vs. 0.45in cyclopropane. Bands III and N occur between 13.5 

and 15.5 eV and are strongly overlapped. These bands have been assigned 

to the 3b2 and 1a2 orbitals , respectively. The orbitals are primarily 

a(C-0) and 1r(C-H) , respectively. They are correlated with the 3e' and 



-281-

1e' states of cyclopropane, respectively. We have measured f3v~rt for the 

two bands as 0.11 ± 0.06 and 0.27 ± 0.03. As seen from figure 3 there is 

no appreciable variation in f3 across both bands with f3 ranging from 0.1 to 

0.3 over the entire region. The assignment for band III is consistent with 

the fj's observed in cyclopropane. f3 as a function.of energy over the first 

band of cyclopropane gives a slope of -0.14/eV. Extrapolating to the IP of 

3b2 orbital of ethylene oxide gives a f3 of about 0.1 which is what is 

observed. This argument makes the assumption that f3 is a smooth func

tion of energy over this photoelectron energy range. For the second band 

of cyclopropane the slope is 0.05/eV giving a f3 of F::j0.37 which is slightly 

higher than observed for the 1a2 orbital but not inconsistent with its 

assignment. Bands V and VI occur between 16 eV and 18 eV. In appear

ance this band is very similar to the 15-17 e V band system in cyclopro

pane. As in cyclopropane the fj's vary widely; 0 .99 ± 0.06 for the first 

band dropping to 0.65 ± 0.10 for the second band. The value for the first 

band is about 0.2 units of f3 lower than the equivalent cyclpropane orbi

tals . Since there are two overlapped bands, accurate slopes for f3 as a 

function of energy were not determined so the lower f3 of the V band may 

be due to the variation of f3 with photoelectron energy. It is also possible 

that this is a manifestation of the influence of the oxygen atom; in either 

case, we cannot clearly distinguish between the two effects. The 5a1 orbi

tal density contours show great similarity to the correlated 3a' orbital of 

cyclopropane .55 The fj's of band VI are virtually identical for the 

1b 17T(C-H) orbital of ethylene oxide and the 1a"2 7T(C-H) orbital of 

cyclopropane to which it is correlated 0.65±0.1 vs . 0.68±0.04, respec

tively. This indicates that either f3 is independent of energy in this region 

or that the effect of oxygen substitution fortuitously cancels the energy 
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variation of {3 , the data is not sufficiently clear to distinguish between the 

two effects. As in cyclopropane Schweig and Thiel28 have used intensity 

arguments to suggest that the assignment of the last two bands be 

reversed , but by analogy to cyclopropane we concur with the generally 

accepted assignments as predicted by both ab initio and semiempirical 

calculations. 27,48,50,51,54 ,56 

c) Ethyleneimine 

With ethyleneimine even more symmetry is removed when compared 

to cyclopropane or ethylene oxide . Accordingly the photoelectron spec

trum shown in fig u re 4 becomes more complex. Table 3 summarizes the 

IP's and {3's as determined by the present study. 

Band I of the ethyleneimine spectrum appears at 9.85 eV with a 

measured f3vert = 0.43 ± 0.09 and has been assigned to the Sa' orbital. This 

correlates with the 1e" state of cyclopropane and displays a similar value 

of {3 . The value of f3 reported for this band is much lower than that 

reported for the analogous band in pyrrole 1 (f3vert = 1.09 ± 0.06) . This 

difference may be due to lack of 1T contributions to the orbital which may 

be present in pyrrole. 

From approximately 11 eV to 14 eV there is a broad band with three 

distinct maxima at 11.81, 12.70 and 13.47 eV, respectively. These have 

been assigned to the 4a", ?a', and 3a" orbitals, respectively. f3 drops over 

this region with the f3vert being 0.55 ± 0.06, 0.55 ± 0.03, and 0.17 ± 0.07 for 

the three bands, respectively. The 4a" and ?a' a-type orbitals both corre

late with the cyclopropane 3e' band and thus it is not unreasonable to 

expect them to display similar {3's . The {3's for the first two bands in this 

region also agree with that for the cyclopropane 3e' band if one takes into 

account the energy-dependence of f3 observed in the latter. The 
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predicted value of the ethyleneirnine f3 using an energy extrapolation of 

the cyclopropane results is about 0.59 which is within the experimental 

error of the observed value . Band III has been assigned to the 3a" TT(CH) 

orbital and displays a f3 of 0.17±0.07. This measurement is lower than the 

value of 0.32±0.05 for the 1e" cyclopropane band to which it is correlated 

but is closer to the 0.27±0.03 observed for the 1a2 band in ethylene oxide 

to which it is also correlated. From the molecular electron density 

diagrams55 one can see that their orbitals are almost exclusively local

ized on the CH2 groups and one would suspect that the hetero atoms 

would have little effect on it. It may be that this is just a manifestation of 

the dependence of f3 on electron energy although the small energy 

change between the correlated states in this series is rather small (""1.1 

eV). 

Bands V and VI correlate with the 3a1' and 1a2" states in cyclopor

pane and the 5a1 and 1 b2 states in ethylene oxide. These states have 

been assigned to the 6a' and 5a' orbitals, respectively. These states are 

not overlapped in this molecyule in contrast to cyclopropane and 

ethylene oxide. The {J's for these bands are 0.83±0.04 and 0.84±0.07 

respectively. Surprisingly, the large contrast observed in the f3 values for 

the other two molecules in this series is not present here. These states 

correspond to internal a(C-C) and a(CH2) orbitals, respectively. Observa

tion of the orbital diagrams55 shows similar behavior to the states to 

which they correlate in cyclopropane and ethylene oxide. It is possible 

that this is due to the energy dependence of f3 but is most likely due to 

some as yet undetermined effect of the NH group on these orbitals. Again 

we concur with the energy ordering predicted by the theoretical calcula

tions.27,45,48,505154 
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IV. SUM11ARY AND CONCLUSION 

We have obtained the photoelectron spectra of cyclopropane , 

ethylene oxide, and ethyleneimine using Hel radiation and at scattering 

angles ranging from 45o to 120°. The anisotropy parameter, {3, has been 

determined for ethylene oxide and ethyleneimine for the first time and 

has been used to confirm the previous orbital assignments and correla

tion diagrams within this series, suggesting that "TT-type bonding does not 

contribute significantly to the overall structure of this molecule . This is 

consistent with the idea that many of the "conjugative" properties 

observed for these three-membered rings may be purely due to the high 

energy levels of the orbitals involved. No effects of autoionization on the 

angular distributions were observed. 
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FIGURE CAPTIONS 

Figure 1. Block diagram of the variable-angle photoelectron spectrome

ter. He, cylinder of ultra-high purity helium; ZT, liquid nitro

gen cooled zeolite trap for lamp helium supply; RB, lamp bal

last resistor; LPS, lamp de power supply; SC, sample chamber, 

PC, photocathode for light flux measurements; CL, electron 

lens elements; ANALyzER, hemispherical electron energy 

analyzer; ML, electron lens element; S, Spiraltron electron 

multiplier; CPS, Spiraltron cathode power supply; APS, Spiral

tron anode power supply; R. C., resistance and capacitance of 

differentiating network for Spiraltron. 

Figure 2. Photoelectron spectrum (b) and variation of {3 with ionization 

potential (a) for cyclopropane using He! (21.22 eV) radiation . 

The spectrum was obtained at a detector angle of 54.7 

degrees. 

Figure 3. Photoelectron spectrum (b) and variation of {3 with ionization 

potential (a) for ethylene oxide using Hel (21.22 eV) radiation. 

The spectrum was obtained at a detector angle of 54.7 

degrees . 

Figure 4. Photoelectron spectrum (b) and variation of {3 with ionization 

potential (a) for ethylene imine using Hei (21 .22 eV) radiation. 

The spectrum was obtained at a detector angle of 54.7 

degrees. 
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